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ABSTRACT

Pfeil, Teandra L. M.S.E., Purdue University, May 2013. Solution Combustion Synthesis of
Cobalt Oxide for Use as a Catalyst Precursor in the Hydrolysis of Sodium Borohydride.
Major Professors: Timothée Pourpoint, School of Aeronautics and Astronautics
Engineering, and Lori Groven, School of Mechanical Engineering.
Solution combustion synthesized (SCS) cobalt oxide (Co3O4) powder has been
studied as a catalyst precursor for the hydrolysis of sodium borohydride (NaBH4).
Synthesis is completed in less than two minutes and results indicate SCS is capable of
reproducibly synthesizing 98.5-99.5% pure Co3O4 nano-foam materials. SCS materials
demonstrate an as-synthesized specific surface area of 24 m2/g, a crystallite size of
15.5 nm, and fine surface structures on the order of 4 nm. Despite having similar initial
surface areas and sample purities, SCS-Co3O4 outperforms commercially available Co3O4
and elemental cobalt (Co) nanopowders when used as a catalyst precursor for NaBH4
hydrolysis. Hydrogen generation rates (HGR) using 0.6 wt.% NaBH4 in aqueous solution
at 20°C were observed to be 1.24±0.2 L min-1gcat-1 for SCS nano-foam Co3O4 compared to
0.90±0.09 and 0.43±0.04 L min-1gcat-1 for commercially available Co3O4 and Co,
respectively. The high catalytic activity of SCS-Co3O4 is attributed to its nanoscale foamlike morphology.
During the hydrolysis of NaBH4, the SCS-Co3O4 converts in-situ to an amorphous
active catalyst with a specific surface area of 92 m2/g and exhibits a honeycomb type

xvi
morphology. The active catalyst was observed to be magnetic, and as such, a magnetic
immobilization method was developed for use in a single-pass tube reactor. While
development of the hydrogen generation system is far from optimal, this work has
shown the feasibility of this magnetic immobilization method under flow conditions
using 12 wt.% NaBH4 in NaOH solutions.
Furthermore, a single-use, cartridge type hydrogen generation system was
evaluated using solid, pre-catalyzed 40 wt.% NaBH4 mixtures where stoichiometric
amounts of water were added as the limiting reagent for reaction.

Under these

conditions, HGR and gravimetric density were observed to be 4.99 L min-1gcat-1 and
10.4 wt.% (materials only) respectively for this system, which represents a significant
increase over the dilute NaBH4 solutions typically used for hydrolysis. Water delivery,
thermal management, form factor, and mixing methods were evaluated for this system
in terms of HGR performance. Gradual water delivery was identified as being most
influential in stabilizing HGR and thermal management in preventing by-product
solidification due to reaction self-heating.
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CHAPTER 1.

1.1

INTRODUCTION

Why Hydrogen as an Energy Carrier

As energy demands increase, significant interest is being given to diversification of
energy sources and energy carriers to improve national security. Energy carriers are
substances that allow energy to be moved from one location to another, or to be stored
for future use. Chemical and electrical energy are convenient energy carriers because
they can both be easily be transmitted. Chemical energy is derived from the potential
energy that is stored in the electronic structure of an atom or molecule. Stored
chemical energy is released when unpaired valence electrons are stabilized by electrons
from other atoms. This occurs in processes such as combustion of carbon fuels, yet
these produce unwanted emissions and there is a limited source of carbon fuels. A
worldwide effort to reduce carbon emissions has piqued much interest and research in
the area of hydrogen as an energy carrier.
Hydrogen (H2) is an attractive energy carrier because it has a high energy gain per
valence electron. The single valence electron in the neutral H2 atom is accompanied by
only one proton and thus offers the best ratio of valence electrons to nuclei of all the
elements. By mass, the chemical energy stored in H2 is much greater than other
chemical fuels, for example, 142 MJ/kg for H2 compared to 47 MJ/kg for liquid

2
hydrocarbons [1]. In addition, H2 is considered a clean energy carrier by modern
standards in the sense that, when combusted or reacted with oxygen, only water vapor
results as an exhaust product.
Despite the various attractions of hydrogen as an alternative energy carrier, several
challenges remain before a H2 economy can effectively be realized. The following
challenges were outlined by Secretary of Energy Spencer Abraham, and were addressed
during The Basic Energy Sciences (BES) Workshop, May 2003, on Hydrogen Production,
Storage, and Use [2]:
•

Dramatically lower the cost of fuel cells for transportation.

•

Develop a diversity of sources for hydrogen production at energy costs
comparable to gasoline.

•

Find viable methods of on-board storage of hydrogen for transportation uses.

•

Develop a safe and effective infrastructure for seamless delivery of hydrogen
from production to storage to use.

1.2

Why Hydrogen Storage

Since the time of the BES workshop, the United States Department of Energy (DOE)
recommend a “no-go decision” for the use of hydrogen in on-board automotive
applications in 2007 [3].

However, hydrogen storage systems still demonstrate

significant potential for portable applications and mobile devises [4]. Particularly, the
United States Navy has shown significant interest in developing advanced power

3
systems for unmanned underwater vehicles (UUV) that require longer endurance
stealthy propulsion systems that extend the current capacity from 10-40 hours to
several days or weeks [5]. In addition to being costly and hazardous, the current high
energy density lithium battery technologies will not provide adequate endurance for
future naval UUV missions. Hydrogen/oxygen fuel cells have been identified as a
suitable replacement for these battery based systems, but because oxygen is not
available from the atmosphere in the operating environment of the UUV, both fuel and
oxygen need to be loaded to the UUV at the start of mission. Thus developing viable
methods of on-board H2 storage methods for mobile devices remains an important
challenge.
Key concerns when developing and selecting a storage method include volumetric
and gravimetric densities, kinetics, efficiency, reversibility, heat transfer, and
operational temperature. From a material and system standpoint, H2 can be stored as a
gas, liquid, or solid, where each storage medium presents a unique set of application
based challenges and trade-offs. For example, while gaseous H2 may be convenient for
direct implementation in a fuel cell, it is also extremely mobile, volatile, and has a low
volumetric energy density, meaning that the tank mass and volume requirements for
gaseous storage often greatly exceed criteria for mobile devices. Because of cryogenic
requirements, liquid H2 storage methods face similar significant storage drawbacks for
mobile applications. On the other hand solid storage methods, while attractive for
mobile applications because of increased volumetric and gravimetric storage capacities
at room temperatures and pressures, can present drawbacks in terms of kinetics,
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reversibility, and conversion efficiency at time of gas release depending on the system.
Solid storage methods of interest generally include chemical hydrides which
demonstrate good theoretical volumetric and gravimetric storage capacities.
1.3

Thesis Objectives and Outline

The present work focuses on evaluating one catalyst precursor, cobalt oxide (Co3O4),
for use in hydrogen generation systems for the hydrolysis of sodium borohydride
(NaBH4), a notable chemical hydride candidate for H2 storage systems. In doing so,
solution combustion synthesis (SCS) is evaluated as a method to produce high purity,
high surface area nano-foam Co3O4 (referred to as SCS-Co3O4) to be used as a catalyst
precursor in NaBH4 solutions. This catalyst is compared in terms of hydrogen generation
performance on the lab scale (in controlled, small scale experiments) to commercially
available Co3O4 nano-powders and is subsequently immobilized for implementation in a
hydrogen generation system. Finally, the catalyst precursor is evaluated both in a multistage single pass tube type reactor as a solution-based system and in a single-use
canister type solid storage system.
To this end, the present work is divided into five chapters. Chapter 1 presents an
introduction to hydrogen as an energy carrier and challenges associated with hydrogen
storage methods. Chapter 2 reviews the body of literature related to chemical hydrides
for hydrogen storage, suitable catalysts, immobilization methods, and liquid and solid
state storage systems. Chapter 3 describes the experimental methods and systems used
to obtain the results presented in this work. Chapter 4 presents the results and
discussion of the research, including catalyst synthesis and characterization methods,

5
performance assessment through hydrolysis, and finally the immobilization and
implementation of the catalyst in both liquid and solid state NaBH4 storage systems.
Lastly, chapter 5 presents conclusions obtained through this work and suggestions for
future work.
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CHAPTER 2.

2.1

BACKGROUND

Chemical Hydrides

Chemical hydrides have long been of interest for hydrogen storage [6-7]. They
present a feasible alternative to liquid or gaseous storage methods as hydrogen is
chemically bound in a condensed phase matrix and can thereby offer high volumetric
and gravimetric densities at room temperatures and pressures. In general, hydrogen is
released via hydrolysis, thermolysis or both. Hydrolysis of chemical hydrides has the
advantage of some of the released hydrogen coming from water.
One chemical hydride of particular note is sodium borohydride (NaBH4). This
chemical was discovered in the 1940s by Prof. H.C. Brown, Nobel Laureate in Chemistry
in 1979, and has most commonly been used as a reducing agent in organic chemistry [6].
Industrial uses include a specialty reducing agent in the manufacture of pharmaceuticals
and a bleaching agent in the production of paper. Since the 2000s, this chemical has
received increased attention as a hydrogen energy carrier because of its high hydrogen
storage capacity of 10.8% by weight hydrogen. In addition, NaBH4 hydrolysis occurs
exothermically at room temperatures and pressures with half of the hydrogen coming
from water, as shown in Eq. 1:

7
+2

∗

→

+ 4

.

(2.1)

Schlesinger et al. [8] noted that this reaction occurs very slowly without the
presence of a suitable catalyst, and evaluated boric oxide and cobalt (II) chloride as
catalyst material. He noted that NaBH4 first reduced the cobalt salt to cobalt boride
Co2B in the initial stages of the reaction. Kaufman et al. [9] evaluated acids, transition
metals, and transition metal salts as catalyst for the hydrolysis of NaBH4 and noted zeroorder kinetics for the catalyzed reaction. In particular, Amendola [10] listed several
notable advantages of solutions of NaBH4 such as non-flammability and the stability and
option of recycling reaction by-products.

Solutions of NaBH4 can also be safely

transported in alkaline solutions. Increasing the alkalinity of the solution with NaOH
stabilizes the solution and prevents self-hydrolysis without the presence of a suitable
catalyst [10-11].

2.2

Catalysts

Suitable catalyst materials for NaBH4 hydrolysis are primarily precious metals such
as Pt or Ru that can be supported on a variety of substrates [10-14]. As precious metals
can be costly, in recent years increasing attention has been given to cobalt and cobalt
based catalyst precursors such as cobalt salts, cobalt borides, and cobalt based alloys as
alternatives [14].

Cobalt based materials are often labeled catalyst precursors in

hydrolysis systems since they become reduced in-situ by NaBH4 to form the active
catalyst, commonly identified as Co2B or CoxB [8, 14]. The active catalyst CoxB has been
imaged via SEM ex-situ to have a nano-flower morphology [17-18], or in the most
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Traditional routes in catalysis are to reduce particle size and increase surface
area to enhance catalytic activity. However, recent research indicates that morphology
and nanomaterial synthesis method are also crucial parameters for achieving optimal
catalytic performance. Xie et al. [23] showed that Co3O4, which had been grown to
preferentially expose reactive crystal planes, demonstrated increased catalytic behavior
in CH4 combustion and CO oxidation reactions.

The present work suggests that

crystallinity and morphology, in addition to surface area, significantly impact catalytic
activity for Co3O4 and are directly related to the synthesis method.
In recent years, several synthesis methods for Co3O4 have been reported such as
thermal decomposition of solid phase cobalt based salts or sol-gel methods [24-27].
Traditional methods can take on the order of several hours to several days for the
synthesis to run to completion. An alternative, rapid synthesis method would be
advantageous if Co3O4 is to be employed as a catalyst precursor for NaBH4 hydrolysis
systems. Solution combustion synthesis (SCS) can rapidly synthesize large quantities of
materials and has been studied widely for the synthesis of various oxides [28-29],
though there are only a few reports of cobalt oxides formed via this method [30].
Results reported by Toniolo et al. [30] indicate surface areas of 36 m2/g for Co3O4 using
glycine as fuel with cobalt nitrate. However, to the author’s knowledge these powders
have not been extensively studied or optimized for use as a catalyst precursor for NaBH4
hydrolysis. It is expected that if a solution combustion synthesis method similar to
Toniolo et al. [30] is used to produce a high surface area catalyst precursor, that
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catalyst precursor will achieve better HGR performance than that observed by Simagina
et al. [18] with moderate surface area catalyst precursor.

2.3

Catalyst Immobilization

In order for a catalyst to be effectively implemented in a hydrogen generation
system it must be immobilized onto an application appropriate substrate.
Immobilization can be achieved using a variety of methods on a variety of substrates
[8,11,31].

Common immobilization techniques include impregnation, thin film

deposition, co-precipitation and calcination, and electrodeposition. However, many
immobilization methods presented in the literature do not use rigid substrates that are
easily implemented into hydrogen generation systems. Electrodeposition of a suitable
metal catalyst (i.e., Ru, Pt, Co, etc.) over a conductive substrate is an attractive method
for fabrication of catalysts for applications that require supported catalyst to retain a
specific shape in use because metal substrates are easily fabricated into desired form
factors. Cho and Kwon [32] immobilized a Co and Co-P catalyst via electrodeposition
over copper plates. They found that the amorphous Co–P catalyst exhibited 18 times
higher catalytic activity for hydrolysis of NaBH4 than did the polycrystalline Co catalyst.
This is interesting since increased crystallinity has been linked in other systems to
improve catalytic activity for cobalt based catalysts [20-21]. Eom et al. [33] also studied
the effect of pH on deposition of Co-P catalyst on copper sheets (Fig. 2.2). They found
that Co–P catalysts with finer crystalline Co, particularly for materials formed in a pH
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calcination at different temperatures.

For the present work, this method seems

promising as an immobilization method for Co3O4 for use in NaBH4 hydrolysis.
2.4

Water Handling

As seen above, examples of results generated using dilute solutions of NaBH4 have
been well documented in the literature. However, gravimetric and volumetric energy
densities for hydrogen storage systems depend on the amount of water required for a
given system, including any excess reactants. Thus, hydrogen generation systems that
use dilute solutions of NaBH4 undermine using NaBH4 for its high theoretical storage
capacity. The widespread use of dilute solutions is due to the excess water required to
account for by-product hydration and low solubility of NaBH4 and reaction by products,
as will be discussed below [11, 36-38].
Water handling becomes an issue with solutions of NaBH4 because in theory, the
hydrolysis of NaBH4 requires 2 moles of H2O for every 1 mole of NaBH4, as given
previously in Eq. 2.1:
+2

∗

→

+ 4

.

(2.1)

However, under real conditions, the reaction requires additional water to release 4
moles of hydrogen, and is given by Eq. 2.2:
+ (2 + )

→

(

)+ 4

(2.2)

where x is the excess water required for the reaction to run to completion, and y is due
to by-product hydration.
In addition Kojima et al. [11] reported the NaBH4 solubility at 25˚C is quite low, 55
g per 100 g water. Accounting for the excess water due to solubility, the gravimetric
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hydrogen storage capacity becomes only 7.5 wt.% (compared to 10.8 wt.% where x=0).
The situation is further complicated by the low solubility of solution by-products,
notably NaBO2, which is only 28 g per 100 g water. By-product precipitation is a
problem in solution-based hydrogen reaction systems as pumps can become clogged,
etc.

To prevent by-product precipitation, Kojima et al. [11] reported that NaBH4

concentration at 25˚C should be kept below 16 g per 100 g water. Furthermore, at
concentrations higher than this, NaBO2 was also observed to poison the reaction, or
degrade the catalyst performance. Accounting for the low solubility of solution byproducts, the gravimetric hydrogen storage capacity then becomes 2.9 wt.%, much
lower in real solution-based applications than the theoretical storage capacities.
However, results from Yu et al. [39] and Delmas et al. [40] indicate that hydrogen
generation rates improve with increased concentration, evaluating up to 20 wt.% NaBH4
in solution. This suggests that if the issues with precipitation and solubility associated
with higher wt.% NaBH4 loadings can be avoided, increasing the NaBH4 content in a
system presents advantages not only in increasing hydrogen storage densities but also
in improving HGR performance.

2.5

Solid Storage

Solid NaBH4 storage, meaning the use of solid NaBH4-catalyst mixtures at high
wt.% NaBH4 loadings, has been identified as a promising alternative to solution NaBH4
storage which increases the hydrogen storage capacity of the overall system by reducing
the excess water required and the degree of by-product hydration. These systems use

15
stoichiometric amounts of water (or steam) as the limiting reagent. Delmas et al.[40],
Kojima et al. [41], Liu et al. [42], Gislon et al. [43], and Prosini et al.[44] and focused on
this solid SBH approach and reported effective gravimetric hydrogen storage capacities
of up to 9.0 wt.% and effective volumetric hydrogen storage capacities of up to
93. g(H2)/l. Many of the challenges associated with solution NaBH4 storage system are
addressed using similar methods by increasing volumetric and gravimetric hydrogen
storage capacity, reducing excess water, avoiding spontaneous hydrolysis (particularly at
elevated temperatures), and limiting hydration of metaborate by-products thereby
increasing conversion efficiency [40-46].
In Gilson’s system, cartridges of catalyzed (or non-catalyzed) SBH are fed by water
(or catalyst containing solution) into a reactor; the reaction is started and tuned by
controlling the input flow of water (or water/catalyst solution). With this design, the
authors report an effective gravimetric hydrogen storage capacity of 6.5 wt.% (over the
hydride + catalyst + water weight). Prosini et al. [44] demonstrated the use of a PTFE
laminated hydrophobic membrane to be effective in containing water and venting
hydrogen for SBH solid hydrolysis. The membrane had pore sizes of 0.2 µm, was stable
up to 190°C, and was resistant to high surface area liquids (up to 79 psi) while
maintaining ability to vent gases. They noted that water delivery method was important
in maintaining a constant HGR, that diffusive water delivery (Fig. 2.4) was preferred.
Using this diffusive water delivery method, the cartridge gravimetric hydrogen content
based on water and NaBH4 weight was 4.64%.
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Figure 2.4: Experimental set-up for hydrogen generation. Water is contained in a
reservoir (1). A controlled pump (b) is used to pump water into the cartridge. The
cartridge is inserted in a gas tight metallic container (c). The hydrogen produced is
filtered through a membrane filter (d) to eliminate water vapor and measured by a flowmeter (e). The cartridge is illustrated in the inset showing the water inlet, the porous
water diffuser and the hydrogen outlet (taken from Prosini et al. [44]).

Ferreira et al. [46] investigated the impact of reactor shape on water mobility
within the reactor and subsequent impact on and performance and reported
gravimetric hydrogen content of 8.1 wt.% (materials only, with any amount of excess
water used) using batch reactors with conical bottoms. In addition to water delivery
methods, research has been done to investigate the role of material preparation in
combining the metal hydride with the catalyst material to improve performance. Li et al.
[47] used a high energy-ball mill process to form a NaBH4 and Ru-based catalyst
composite. In these experiments water was used as the limiting reagent and resulted in
gravimetric hydrogen storage capacity of 7.3 wt.%
.
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CHAPTER 3.

EXPERIMENTAL

This chapter describes the experimental methods used to synthesize, characterize,
and assess performance of Co3O4 catalyst precursor for the hydrolysis of NaBH4,
including the immobilization and implementation of the catalyst in both liquid and solid
state NaBH4 storage systems.

3.1

Materials

In this work, the following commercial catalyst precursors were used as received:
Cobalt(II) Oxide, US Research Nanomaterials, >99% (CAS# 1308-06-1); Cobalt (II) Oxide,
Sigma Aldrich, >98% (CAS# 1308-06- 1); Cobalt, Nano Amor, >99.8% (Stock #: 0276JY).
For solution combustion synthesis, the following materials were used as received from
Sigma Aldrich: Cobalt Nitrate Hexahydrate, ACS reagent, >98% (CAS# 10026-22-9);
Glycine, ReagentPlus, > 99% (CAS# 56-40-6). For hydrolysis, NaBH4 capsules were used
from

Alfa

Aesar:

Sodium

Borohydride

98%,

(CAS#

16940-66-2).
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3.2

Preparation of SCS-Co3O4 Nano-Foam

Initial Screening: The methodology presented by Toniolo et al. [30] was used to
produce Co3O4 foam material via solution combustion synthesis while varying the fuel to
oxidizer ratio (F/O). The following stoichiometric reaction was considered:
(
8.77

) ∙6
.

+ 1.11

→ 0.33

+ 1.55

+ 2.22

+
(3.1)

Initial synthesis screening was conducted in glass beakers on a hot plate at 300°C
to identify favorable F/O for repeatability and purity for further evaluation. A total of
5 g reactant mixture was combusted in 50 mL beakers or 10 g in 100 mL beakers. The
solution prior to ignition was a dark violet, which increased in viscosity as moisture
evaporated from the solution prior to ignition. Fuel/oxidizer ratios considered are given
in Table 3.1, with the highlighted row corresponding to the stoichiometric conditions as
shown in Eq. 3.1.
Table 3.1: Fuel to oxidizer ratio and number of moles glycine evaluated in solution
combustion synthesis.
Fuel/Oxidizer Number Moles
Ratio
Glycine
0.10
0.20
0.14
0.28
0.20
0.40
0.40
0.80
0.56
1.11
0.60
1.20
0.80
1.60
1.00
2.00
1.20
2.40
1.40
2.80
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Surface Temperature Modification: The methodology presented above was
modified to achieve a high, uniform surface temperature within the reactor at the time
of synthesis to prevent partial decomposition prior to combustion, noted for synthesis
on the beaker scale as brown powder along the vessel walls. In this modification, a total
of 5 g reactant was dissolved in 3 mL and poured into a pre-heated 400 mL stainless
steel reaction vessel. The reaction vessel was pre-heated by wrapping the exterior with
heating tape (420°C) and fiber glass insulation and placing it on a hot plate, set to 200°C.
Once the internal temperature of the vessel walls reached 260°C, the cobalt nitrate –
glycine solution was added to the reactor and the temperature of the hot plate was
increase to 400°C. The reaction was allowed to proceed to completion and finished in
less than ~2 minutes and produced a uniform black powder.

3.3

Post Synthesis Heat Treatment

Optional post synthesis heat treatment was performed using a tube furnace in air
with the following heat treatment cycle: ramp from ambient temperature to 350 or
500°C at 10°C/min, total post synthesis heat treatment duration of 30 min.

3.4

Characterization

Specific surface area measurements were conducted using the Brunauer, Emmett
and Teller method (BET) on a Micromeritics Tristar 3000. The powders were ground
with a mortar and pestle prior to analysis and degassed in nitrogen for 4 hours at 200°C.
The pore size distributions were determined using the Barrett-Joyner-Halenda (BJH)
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method with the desorption isotherm. Powder X-ray diffraction (XRD) analysis was
conducted on a Bruker D8 diffractometer. The CuKα radiation was used, λ=1.54056,
with a slit width of 0.98 mm and a scan rate of 4 deg/min. The sample morphologies
were observed with a FEI NOVA nanoSEM field emission scanning electron microscope
(SEM) and energy dispersive spectroscopy (EDS) was performed on the SCS powder at
the time SEM images were taken. To assess sample purity, TGA was performed on a TA
Instruments Q600 at a heating rate of 10°C/min from 50°C to 800°C in a 20/80 (v/v%)
oxygen/argon environment at a gas purge flow rate of 100 mL/min. Additional purity
measurements were performed independently by Galbraith Laboratories, Inc. using the
following standard combustion methodology: 1– 3 mg of sample was burned in pure
oxygen under static conditions to produce combustion products of CO2, H2O, and N2.
These products were automatically analyzed in a self-integrating, steady state thermal
conductivity analyzer.

3.5

Immobilization

Three immobilization methods – direct SCS, slurry/calcination, and magnetic –
were evaluated in the present work. Direct SCS and slurry calcination methods involved
the immobilization of the SCS-Co3O4 catalyst precursor. The magnetic immobilization
method involved immobilization of the active catalyst.

Before immobilization,

substrates were prepared by pre-washing in acetone and DI water. The following
substrates were evaluated with the direct SCS and slurry/calcination methods:
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•

Metal substrates: Titanium fiber substrates provided by Giner Electrochemical
Systems, LLC.

•

Molecular Sieves: Ceramic 3Å molecular sieves, 1-2 mm, purchased from Alfa
Aesar.

•

Cordierite: Cordierite [(Mg, Fe)2Al3(AlSi5O18)] honeycomb substrates provided by
Purdue University.

•

Stainless Steel filter disk: Sintered, open micron sized pores, 316L stainless steel
filter disks purchased from McMaster-Carr.

•

Perlite granules: expanded volcanic glass perlite granules, purchased from
FertiLome.

Direct SCS: Washed substrates were soaked in the cobalt nitrate – glycine solution
(F/O=0.56) for 30 minutes prior to combustion. Solution and substrate were then
poured into the preheated metal reaction vessel described above. After synthesis,
substrates were collected, tapped to remove excess powder, and then weighed.
Substrates were then washed in DI water and re-weighed to assess adhesion.
Slurry/Calcination:

Washed substrates were soaked in a pH modified (HNO3)

ethanol-cobalt oxide slurry for 30 minutes before being calcinated in a Thermo Scientific
Lindburg Blue M tube furnace.

The slurry was prepared using the methodology

described by S. N. Hosseinni et al. [35] by adding 0.1 g SCS Co3O4 to 0.9 mL ethanol and
0.1 mL nitric acid to aid in suspension. The slurry was then mixed in a sonic bath for
5 minutes before substrates were added. Calcination occurred at 350°C for 30 minutes.
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3.6

Performance Testing through Hydrogen Generation

Performance was assessed via HGR, first through hydrolysis experiments in a
reaction flask, and then in two types of hydrogen generation systems: a solution-based
system and a single-use, solid state cartridge based system. Hydrolysis experiments in a
reaction flask were performed to compare SCS-Co3O4 with commercial Co3O4 of similar
surface area and purity levels, and to evaluate SCS-Co3O4 at varying concentrations of
NaBH4 in solution over multiple cycles.

A solution-based, single-pass hydrogen

generation system was evaluated in three configurations to assess the feasibility of
magnetic immobilization under flow conditions, described below. Single-use, solid state
cartridges containing pre-catalyzed mixtures of SCS-Co3O4 and NaBH4 were also
evaluated as an alternative hydrogen generation system to solution storage, and are
described below.

3.6.1 Hydrolysis in Reaction Flask
In typical hydrogen generation experiments, NaBH4 and catalyst precursor
(Co3O4 or Co) were intimately mixed via mortar pestle at 99:1, 95:5; 90:10, or 80:20
ratios by weight before adding around 0.03 g catalyzed NaBH4 mixture in a 3 neck glass
reaction flask. The reaction flask was placed in a temperature controlled oil bath at 20,
30, 50, or 80°C. Deionized water or 0.5 M NaOH solution was added to the catalyzed
mixture to initiate hydrolysis and generate a 0.6 or 12 wt.% NaBH4 solution. Total
hydrogen volume and hydrogen generation rate (HGR) were measured using a classic
water-displacement method. The amount of hydrogen generated was measured by
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monitoring the water displaced from a 250 mL graduated gas analysis burette as the
reaction proceeded. Hydrogen generation rates (HGR) were calculated as the average
over the linear portion of the hydrolysis reaction. Induction time, plateau, and drop off
associated with either catalyst deactivation or NaBH4 depletion were neglected in
calculation to give a consistent basis for comparison between experiments. All material
handling prior to water addition took place in a high purity argon environment (argon
atmosphere, < 0.1 ppm O2 and H2O).
For cycling, the experimental set-up was modified to include a dispensing
mechanism (Fig. 3.2) allowing for NaBH4 pellets to be injected into the reaction flask.
The pellet feeder consists of two syringes mounted perpendicular to each other.
Sodium borohydride pellets are dispensed into the reaction flask by alternating the
plungers on the side and the vertical syringes (Fig. 3.2). In all cases, NaBH4 was pressed
into pellets for use in cycling using a 4 mm or ¼” die in a high purity argon environment.
During cycling, after a NaBH4 pellet was injected, the pellets remained sealed inside the
pellet feeder to prevent gas-pellet interactions during hydrolysis. The gas burette was
emptied following the complete reaction of each NaBH4 pellet.
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Figure 3.2: Experimental set-up adaptation to allow for in-situ injection of NaBH4.

3.6.2 Solution Storage Single-Pass Reactor
A solution-based, single-pass hydrogen generation system was evaluated in
three configurations to assess the feasibility of magnetic immobilization under flow
conditions.

Activated catalyst immobilized on magnetic beads was used in all

configurations, with feed solution at a concentration of 12 wt.% NaBH4 in a 0.5 M NaOH
solution. In all configurations, heat tape was wrapped around the reactor to initialize
the temperature at 50˚C. Flow rates varied from 3 to 9 mL/min. Temperature and
hydrogen flow rate data were collected digitally via a National Instruments data
acquisition module (PN: NI USB 6009) connected to a LabView interface.
Procedures and associated P&ID for each configuration can be found in Appendix A.

Test
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Configuration 1: Figure 3.3 shows the experimental set-up. A 1/2” ID glass tube
containing 112, 1/8” OD magnetic beads was connected in series with a Cole-Parmer
(Model: C.P. 78004-02) programmable pump mounted with micropump pump head
(PN:07002-26), two 1/16” T-type thermocouples, a condenser, a desiccator, a waste
beaker, and an Alicat Scientific Hydrogen flow meter (Model: M-20SLPM-D/5M). The
reactor was tested at a 20˚ and 60˚ incline. The system was tested at ambient pressures.

Figure 3.3: Experimental set-up of one-stage, single-pass solution-based hydrogen
generation system, configuration 1.
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Configuration 2: Figure 3.4 shows the experimental set-up. A 1/2” ID stainless
steel, two-stage reactor was used with in-line magnetic assemblies placed at the base of
stages 1 and 2. Catalyst powder was applied initially to 1st stage only with 2nd stage
acting as “catching stage” to minimize attrition. The two-stage reactor was connected
in series with a solution pressure vessel, a Gilmont Instruments (PN: GF-6541-1220) flow
meter to monitor feed solution through the reactor (not shown), two 1/16” T-type
thermocouples, a condenser, a desiccator, a waste beaker, and an Alicat Scientific
Hydrogen flow meter (Model: M-20SLPM-D/5M). The system was tested at 50 psi.

Figure 3.4: Experimental set-up of two-stage, single-pass solution-based hydrogen
generation system, configuration 2.
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Configuration 3: Figure 3.5 shows the experimental set-up. Four parallel 3/8” OD
stainless steel tubes were connected to a manifold to allow for parallel flow. In-line
magnetic assemblies were placed along the length of the parallel tube section, with
catalyst loaded on the bottom half of magnets only. The upper portion of magnets was
used to catch any catalyst removed during operation to minimize attrition.

The

manifold reactor was connected in series with a solution pressure vessel, a Gilmont
Instruments (PN: GF-6541-1220) flow meter to monitor feed solution through the
reactor, three 1/16” T-type thermocouples, a Control Air Inc. back pressure regulator, a
Stellar Technologies pressure transducer (PN: GT1600-100A-335), a condenser, a
desiccator, a waste beaker, and an Alicat Scientific Hydrogen flow meter (Model: M20SLPM-D/5M). The system was tested at 50 psi, regulated back pressure.

Figure 3.5: Experimental set-up of reactor manifold with 4 parallel tubes, single-pass
solution-based hydrogen generation system, configuration 3.
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3.6.3 Solid Storage Single-Use Cartridges
In typical solid storage experiments, NaBH4 and SCS-catalyst precursor Co3O4
were mixed at a 95:5 ratio by weight and ~100 mg catalyzed mixture was weighed into
an experimental flask fitted with a rubber stopper. The flask was then connected to an
H2 outlet, an Omega T-type thermocouple, and a water delivery system (Fig. 3.3). Total
hydrogen volume and hydrogen generation rate (HGR) were measured using a classic
water-displacement method.
The amount of hydrogen generated was measured by monitoring the water
displaced from a 250 mL graduated gas analysis burette as the reaction proceeded.
Water was delivered via a variable flow peristaltic pump from APT Instruments
(Model #: SP100) which produces, on demand, a ~0.0176 g drop of water.
Stoichiometric amounts of water were delivered initially, meaning all the water was
added at the start of the reaction, or gradually, meaning droplets of water was metered
into the reaction vial on demand as HGR was observed to decrease.
Experiments were conducted in ambient air or in an oil bath at 30˚C. For a
100 mg NaBH4 : catalyst mixture, a total of 0.14 mL of DI water was added which
produced a solid solution of 40 wt.% NaBH4. All material handling prior to water
addition took place in a high purity argon environment (argon atmosphere, < 0.1 ppm O2
and H2O).
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Figure 3.6: Experimental set-up for single-use, solid state cartridges for hydrogen
generation system.

Pellet Formation: Two sizes of pellets were evaluated for the present work. Large
pellets with an OD on the order of the ID of the experimental flask were used to model
behavior of a solid canister with a peripheral gap. Small pellets with an OD several
orders smaller than the ID of the experimental flask were used to model the behavior of
a canister filled with small pellets. Large pellets were formed using an 8 mm die and
mechanically pressed to a density of 0.9 g/cm3 with a Carver 3851 manual press. Small
pellets were made using a 2.3 mm diameter die and were hand pressed to an average
density of 0.85 g/cm3.
Mixing Methods: NaBH4:Co3O4 at a 95:5 ratio by weight were mixed via traditional
mortar pestle method or were cryogenically milled with a SPEX CertiPrep 6850 Freezer/
Mill utilizing liquid nitrogen as the cryogenic medium. For milling, powders were placed
into polycarbonate tubes with SS end caps and a single SS rod as the milling media. The
mill was programed to pre-cool the sample for 10 minutes, process for 6 cycles, a total
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of 12 minutes, before removal from the mill. Each cycle mills the mixture for 1 minute
with a 1 minute pause.

Polycarbonate tubes were allowed to come to room

temperature post milling before milled material was removed. All material handling
before and after milling took place in a high purity argon environment (argon
atmosphere, < 0.1 ppm O2 and H2O).
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CHAPTER 4.

RESULTS AND DISCUSSION

This chapter presents the results and discussion of the experimental methods used
to synthesize, characterize, and assess performance of Co3O4 catalyst precursor for the
hydrolysis of NaBH4, including the immobilization and implementation of the catalyst in
both liquid and solid state NaBH4 storage systems.

4.1

Synthesis and Characterization of SCS-Co3O4 Nano-Foam

Initial solution combustion synthesis was conducted on a beaker scale to identify
optimal fuel to oxidizer ratio for SCS-Co3O4, after which the methodology was modified
to improve repeatability of the synthesized material’s specific surface area. Purity,
phase content, specific surface area, pore size, and morphology were evaluated for the
solution combustion synthesized Co3O4 powder.

4.1.1 Initial Screening of Fuel to Oxidizer Ratio
Initial solution combustion synthesis (SCS) was conducted with a variety of fuel
to oxidizer ratios (F/O) to identify optimal F/O conditions to reproducibly synthesize
cobalt oxide (SCS-Co3O4) for use as a catalyst precursor (Table 3.1). Combustion
behavior and reaction products of cobalt nitrate – glycine solutions varied as a function
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of F/O. Fuel lean conditions (F/O < 0.4) demonstrated the longest reaction time,
produced large amounts of nitrogen rich brown gasses, and a very dense, solid reaction
product. Fuel rich conditions ( F/O > 0.6) reacted rapidly with a visible flame front once
excess water had been evaporated and the ignition temperature was reached, and
produced a hard, solid foam reaction product several times larger in volume than the
initial solution (Fig. 4.1). Solutions near stoichiometric conditions (0.4 < F/O <0.6) also
reacted rapidly, and produced a black, loose, foam-like powder as soon as the excess
water was evaporated and the ignition temperature of the cobalt nitrate-glycine
complex was reached. During combustion, voluminous gas production was observed,
similar to fuel lean conditions but darker in color with entrained particles. No luminous
flame front was observed. It should be noted that due to the non-uniform temperature
of the reaction beaker during synthesis and low combustion temperature of the cobalt
nitrate – glycine solution there appeared to be brown powder following the combustion
reaction. This was primarily observed for powder spewed from the beaker and powder
along the walls of the beaker and indicated that full reaction of the cobalt nitrateglycine complex had not occurred.
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and initial water content in terms of SSA (Table 4.3). Repeat experiments gave an
average of 28.9 ± 2.8 m2/g for stoichiometric conditions F/O of 0.56, compared to
29.5 ± 13.3 m2/g for F/O of 0.14.

Table 4.1: Specific surface area of solution combustion synthesized materials with
varying fuel to oxidizer ratio, 5 g batch. F/O selected for repeatability experiments
highlighted.
F/O
Surface Area
0.1
4.92 ± 0.03 m²/g
0.14
52.77 ± 0.30 m²/g
0.2
24.80 ± 0.05 m²/g
0.4
17.20 ± 0.05 m²/g
0.56
26.01 ± 0.14 m²/g
0.6
27.62 ± 0.11 m²/g
0.8
1.76 ± 0.02 m²/g
1
1.74 ± 0.02 m²/g
1.2
4.36 ± 0.03 m²/g

Table 4.2: Specific surface areas for materials synthesized at F/O of 0.14 with various
initial water contents.
Surface Area
Batch
H2O (mL)
(m²/g)
1
52.77 ± 0.30
not measured
2
16.85 ± 0.05
not measured
3
14.25 ± 0.03
not measured
4
22.14 ± 0.07
5
5
36.51 ± 0.13
3
6
34.72 ± 1.55
2
Average
29.5 ± 13.3
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Table 4.3: Specific surface areas for materials synthesized at F/O of 0.56 (stoichiometric)
with various initial water contents and batch sizes.
Surface Area
Batch Size
H2O (mL)
(m²/g)
10 g
26.01 ± 0.14
5
10 g
29.45 ± 0.15
3
5g
28.01 ± 0.24
5
5g
32.27 ± 0.10
3
Average
28.9 ± 2.8

Phase content was determined by XRD (Fig. 4.2). All diffraction peaks from fuel
lean conditions could be indexed to cubic phase Co3O4 (Fd3m (227) JCPDS#9-418). At
F/O ratios of 0.8 and higher Co (Fm3m (225) JCPDS#15-806) and CoO
(Fm3m (225) JCPDS#9-402) were the dominant phases detected. Considerable peak
broadening and low signal intensity were observed for all materials formed via SCS, with
the weakest signal observed for F/O ratios at or near stoichiometric conditions. As
mentioned, these conditions were noted to produce loose, fluffy black powder with a
foam-like morphology, and the weak signal could be attributed to the small grain size
and potentially amorphous content characteristic of solution combustion synthesized
materials.
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Figure 4.2: XRD data for SCS materials synthesized at the indicated F/O ratios: 0.10, 0.14,
0.20, 0.40, 0.56, 0.60, 0.80, and 1.0. Stoichiometric F/O=0.56 diffraction pattern
indicated in red. Peaks labeled for Co, CoO, and Co3O4.

Stoichiometric conditions of F/O of 0.56 were identified as optimal F/O for
producing repeatable SSA between batches with the desired single phase Co3O4. Thus
SCS- Co3O4 formed with a F/O of 0.56 was selected future studies. This was the only F/O
ratio used for improving the repeatability and purity achieved with the synthesis
method and was evaluated in terms of HGR performance against commercial Co3O4 in
hydrolysis of NaBH4 in aqueous solutions, which will be discussed in section 4.2.

4.1.2 Improved Synthesis Method for Stoichiometric F/O
The beaker synthesis methodology used initially was modified (see section 3.2)
to attain a uniform surface temperature within the reactor. This was done to prevent
partial decomposition prior to combustion.

The modified methodology rapidly
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synthesized a uniform, black, foam-like Co3O4 powder in less than 2 minutes, which is a
significant improvement over other Co3O4 synthesis methods that can take several
hours or several days for completion. Specific surface area measurements from five
separate synthesis batches indicate a significant improvement in repeatability in terms
of SSA over beaker synthesis (Table 4.4). The standard deviation of SSA measurements
was reduced from 28.9 ± 2.8 to 24.0 ± 1.1 m²/g for beaker scale synthesis and modified
method, respectively
Table 4.4: Specific surface areas for materials synthesized with a F/O of 0.56 using
modified method.
Surface Area
Batch Size
H2O (mL)
(m²/g)
5g
25.4 ± 0.08
3
5g
23.5 ± 0.07
3
5g
23.5 ± 0.07
3
5g
22.4 ± 0.07
3
5g
25.2 ± 0.08
3
Average
24.0 ± 1.1

Sample purity for SCS-Co3O4 was assessed through TGA and was independently
analyzed by Galbraith Laboratories using the combustion technique and was found to be
98.5-99.5% Co3O4, which meets or exceeds similar purity measurements conducted on
as received Co3O4 from commercial vendors (Table 4.5).
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Table 4.5: Material properties for commercial and SCS catalyst precursor.
Average pore Crystallite Particle Size
Purity
SBET
Sample
diameter Size from XRD from SEM
(m2/g)
(%)
(nm)
(nm)
(nm)
(a)
SCS
98.5 , 24.02±1.1
16.32
15.5
-(Co3O4-Purdue)
99.5 (b)
US
(Co3O4-US Res. Nano
99(c)
34.94±0.08
28.39
21.3
10-40
Materials)
Sigma
99(d)
38.20±0.08
28.14
19.1
20-30
(Co3O4-Sigma Aldrich)
Co
9.8
-35-50
99.8(e) 32.63±0.12
(Co-Nano Amor)
a
Purity results evaluated from simultaneous DSC/TGA,
b
Purity results from Galbraith Laboratories, Inc.
c
Purity results from US Research Nano Materials
d
Purity results from Sigma Aldrich
e
Purity results from Nanostructured & Amorphous Materials, Inc.

X-ray diffraction data for material synthesized with the improved synthesis
method was compared with commercial powders as shown in Fig. 4.3. All diffraction
peaks from XRD analysis could be indexed to cubic phase Co3O4 (Fd3m (227) JCPDS#9418). Considerable peak broadening and low signal intensity were observed for SCSCo3O4, attributed to its small grain size and potentially amorphous content. Crystallite
size was calculated for SCS-, US-, and Sigma-Co3O4 to be 15.5, 21.3, and 19.1 nm,
respectively, using the Debye-Scherrer’s equation [48] averaged from the main peaks
(311, 440 and 511). It was anticipated that the performance of SCS-Co3O4 should be
lower than commercial powders based on their lower surface area.
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Figure 4.3: XRD data for Sigma-, US-, and SCS-Co3O4. Peaks labeled for Co3O4.

Scanning electron microscopy (SEM) image analysis for SCS-Co3O4 revealed a
unique, nanoscale foam-like structure with extremely fine surface features on the order
of 4 nm (Figs. 4.4a and 4.4b). The fine surface features are the result of small particles
sintering together during the combustion process.

Additionally, the gaseous

combustion process resulted in macro pores being formed from gas release during
combustion synthesis. Commercial Co3O4 and Co morphologies were all similar rounded
particles. For US-Co3O4 (Figs. 4.4c and 4.4d), irregularly shaped round particles of 1040 nm diameter were observed in irregular aggregate masses with no uniform size or
shape. For Sigma-Co3O4 (Figs. 4.4e and 4.4f), regularly shaped round particles of 2030 nm diameter were also observed in well formed, oval aggregates, which would clump
into larger agglomerates. For Co (Figs. 4.4g and 4.4h), irregularly shaped rounded
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characteristic of single particles in a chain like structure.

It is expected that the

morphology of the catalyst precursor may play a critical role in the in-situ conversion to
active catalyst.

The porous nanoscale foam-like morphology may allow for more

efficient active catalyst conversion.
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Figure 4.5: BJH pore size distribution for SCS-Co3O4, US-Co3O4, Sigma-Co3O4 and Co.
Broad pore distribution of SCS is characteristic of a foam-like material with a wide range
of pore sizes.

4.2

Catalyst Performance Assessment through HGR

Hydrolysis experiments in a reaction flask were performed to compare SCS-Co3O4
with commercial Co3O4 of similar surface area and purity levels and to evaluate SCSCo3O4 at varying concentrations of NaBH4 in solution over multiple cycles.
The kinetics of hydrogen release during hydrolysis of NaBH4 with SCS-Co3O4, USCo3O4, Sigma-Co3O4 and Co as catalyst precursors are compared in Fig. 4.6 for 5 wt.%
catalyst loading. Catalytic activity is highest with SCS-Co3O4 and decreases gradually
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with US-Co3O4, Sigma-Co3O4, and lastly Co. While identification of the active catalyst
has yet to be confirmed by XPS, evidence in the literature support our experimental
observations and strongly suggest that CoxB is formed as the active catalyst [15,16-20].
In all cases, an induction period was noted for the formation of the active catalyst as the
catalyst precursor was reduced by NaBH4, characteristic of cobalt based catalysts [17-20].
This was followed by linear hydrogen generation for the majority of the reaction.
Induction time was observed to decrease from SCS-Co3O4, US-Co3O4, Co, and lastly
Sigma-Co3O4 (Table 4.6), an interesting result as Sigma-Co3O4 demonstrated the highest
specific surface area of all materials evaluated (for additional discussion see
section 4.2.1). Figure 4.7 shows temperature dependent kinetics of hydrogen release
during hydrolysis for synthesized SCS-Co3O4. Induction time decreased for increasing
temperatures for all catalyst precursors evaluated (Table 4.6). A two minute induction
time was measured for hydrolysis experiments at 20°C, while a one minute induction
time at 30°C and effectively no induction time was measured at 50 or 80°C.
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Figure 4.6: Comparison of Co3O4 catalyst precursor at 5 wt.% loading, 0.6 wt.% NaBH4 in
solution, cycle 1. Inset shows induction time for hydrogen generation.
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Figure 4.7: Temperature profile for SCS-Co3O4 at 5 wt.% loading, 0.6 wt.% NaBH4 in
aqueous solution, cycle 1.
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Parametric studies were also performed to evaluate the effects of catalyst
precursor loading on HGR. For 5, 10, and 20 wt.% catalyst loadings, SCS-Co3O4 achieved
significantly higher HGRs than other catalyst precursors evaluated at the same loading
(Fig. 4.8). This indicates better HGR performance for SCS-Co3O4 (nanoscale foam-like
morphology) than commercial Co3O4 having other morphologies (i.e., rounded spheres)
despite similar purity levels and specific surface areas between all samples evaluated.
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Figure 4.8: Effect of catalyst precursor loading on catalytic performance in 0.6 wt.%
NaBH4 in aqueous solution, cycle 1.

After hydrolysis at 20°C, the active catalyst produced was recovered, rinsed
three times in DI water, and dried before further analysis. Our results indicate that SCSCo3O4 was reduced in-situ by NaBH4 to form an amorphous black solid with a surface
area of 92 m2/g, significantly higher than the original catalyst precursor, which had a
surface area of 24 m2/g (see section 4.2.2 for details).

46

Active
e catalyst morphologies
m
s observed bby SEM (Figg. 4.9) of maaterials colleected
drolysis reve
ealed that SSCS-Co3O4 aappears to be more reeadily
post hydrolysis post hyd
onverted to a tighter, nano-flower
n
/honeycombb morpholo
ogy than thee other Co b
based
co
precursors evvaluated. This
T
nano-flo
ower morphhology has b
been associated with h
highly
caatalytic CoxB catalyst and has been seen
s
in otheer cobalt bassed systems (Fig. 2.1) [16-17].

Figure 4.9: SEEM images of
o active cataalyst formedd from catalyyst precursors after 1 cycle in
0.6
0 wt.% NaB
BH4 in aqueo
ous solution: (a) SCS-Co3O4 (50kx), (b
b) SCS-Co3O4 (200kx), (c) USCo
C 3O4 (50kx)), (d) US-Co3O4 (200kx), (e) Sigma-Coo3O4 (50kx), (f) Sigma-Co
o3O4 (200kx)), (g)
Co (50kx), (h) Co (200kkx). Note ressidual particcles observed
d for US- and Sigma-Co3O4
ind
dicating lackk of conversio
on to active catalyst, ind
dicated by arrows.

Active
e catalyst forrmed from SCS-Co
S
ended to havve areas of leeaflets organized
3O4 te
nto a tight honeycomb interspersed
d with more solid areas. Small particles were vvisible
in
in
n some areaas and appeaared integraated into thee leaflets, presumably u
unreduced C
Co3O4
caatalyst preccursor.

Acttive catalystt formed frrom US-Co3O4 exhibiteed large sm
mooth

le
eaflets organ
nized into a loose honeycomb. Thee overall strructure was more open than
active catalyyst formed from SCS-C
Co3O4.

Actiive catalyst formed fro
om Sigma-C
Co3O4

47

contained a small portion of the leaflet morphology material interspersed with large
amounts of particles with morphology characteristic of the Co3O4 precursor – 20-30 nm
diameter particles tightly clumped together— suggesting that much of the original
particles were not fully converted in the reduction process. Active catalyst formed from
Co had very large, thin flakes and the most open structure of all active catalysts.
These results indicate that the nanoscale foam-like morphology of SCS-Co3O4 is
more readily converted to active catalyst in-situ than spherical Co3O4 and Co nanoparticles, as seen by the close resemblance of the tight, nano-flower morphology
associated with highly active CoxB catalysts reported in the literature [16-17]. SCS-Co3O4
was also observed to have a lower activation energy than the other commercial Co3O4
powders (Table 4.6), which may contribute to its higher catalytic behavior as it may be
kinetically preferential to form the active phase catalyst.

4.2.1 HGR and Effect of Crystallinity
XRD analysis clearly indicates that even moderate post synthesis heat treatment
increases crystallinity as seen by narrowing of diffraction peaks and an increase in signal
intensity (Fig. 4.10).

For heat treatment at 350 ˚C or 500 ˚C for 30 minutes, the

crystallite sizes were observed to increase from 15.5 nm to 23 and 26 nm respectively.
Specific surface area measurements confirm that the specific surface area decreased
from 24 m2/g for as synthesized powder to 17 and 9 m2/g for 30 minute treatments at
350 ˚C or 500 ˚C respectively.
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Figure 4.10: XRD data for heat treated SCS-Co3O4. Peaks labeled for Co3O4.

Despite a significant reduction in surface area, increasing the crystallinity of the
catalyst precursor through post synthesis heat treatment resulted in higher catalytic
activity. These findings are similar to those reported by Krishnana et al. [20] who
demonstrates dramatic improvement of around 400% for Co3O4 catalyst precursors that
had been synthesized at 600°C. It was observed that even a moderate heat treatment
at 350°C for 30 minutes increased the HGR for SCS-Co3O4, from 1.29 L min-1gcat-1 to
1.76 L min-1gcat-1 (Fig. 4.11), and treatment at 500°C for 30 minutes further increased the
HGR to 2.53 L min-1gcat-1. Induction time was also observed to decrease with increasing
heat treatment temperature, from almost two minutes for un-heat treated powder, to
0.6 min after heat treatment for 30 minutes at 350°C, to a negligible induction time
after heat treatment for 30 minutes at 500°C (Table 4.6). This is much different from
the observation for neat materials where the Sigma-Co3O4 (highest surface area) had
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the lowest induction time, suggesting that induction time is related to crystallinity.
Activation energy was further reduced for heat treated SCS-Co3O4 from 54.1 to
45.5 kJ/mol, compared to 62.6 and 61.3 kJ/mol for as received US-Co3O4 and SigmaCo3O4 respectively.
Table 4.6: Activation Energy and Performance of Commercial and SCS Catalyst
Precursors, by Heat Treatment.
Activation Energy
HGR
Induction Time
Sample Treatment
-1
-1
(kJ/mol)
(L min gcat )
(min)
1.29 ± 0.26
1.93
SCS-Co3O4 as synthesized
54.1
1.76 ± 0.35
0.6
350 ˚C, 30 min
--(a)
45.5
2.53 ± 0.50
0.08
500 ˚C, 30 min
US-Co3O4 as received
62.6
0.62 ± 0.12
0.53
500 ˚C, 30 min
--(a)
0.83 ± 0.16
0.17
Sigma-Co3O4 as received
61.3
0.8 ± 0.16
0.38
(a)
500 ˚C, 30 min
-0.86 ± 0.17
0.25
(a)
Not determined due to poor HGR performance
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Figure 4.11: Comparison of hydrogen generation rates for as synthesized and heat
treated SCS-Co3O4 for the first cycle in 0.6 wt.% NaBH4 in aqueous solution.
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Surprisingly, when compared to SCS-Co3O4, heat treatment had a negligible
effect on improving HGR for commercial Co3O4. For comparison, Fig. 4.12 shows
normalized HGR values of heat treated SCS and commercial Co3O4 powder to their
respective baselines. While heat treatment of SCS materials at 500 ˚C for 30 minutes
gave an 80% improvement in HGR, the same heat treatment produced only minor
improvements for US- and Sigma-Co3O4 of 30% and 10%, respectively.
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Figure 4.12: Comparison of hydrogen generation rates for as synthesized and heat
treated SCS and commercial Co3O4 materials for the first cycle in 0.6 wt.% NaBH4 in
aqueous solution.

Differences in performance between heat treated SCS and commercial Co3O4
were confirmed by SEM images of particles heat treated at 500 ˚C for 30 min before and
after reduction to active catalyst in hydrolysis of NaBH4 (Fig. 4.13). All heat treated
materials showed significant sintering of particles (Figs. 4.13a, 4.13d, 4.13g). The active
catalyst particles formed from heat treated materials were significantly different from
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These results go against the conventional approach that catalytic activity is
primarily surface area driven. Despite having similar initial surface areas and purity
levels when compared to commercial Co3O4 nanopowders, the nanoscale foam-like SCSCo3O4 significantly outperforms other Co3O4 and elemental cobalt (Co) in HGR for
hydrolysis of NaBH4. Furthermore, when SCS and commercial Co3O4 powders are heat
treated post synthesis to increase crystallinity, a significant increase in catalytic
performance was observed only for SCS-Co3O4. These results are not fully explained by
the widely accepted practice of increasing surface area to produce a better catalyst.
Specifically, these show that surface chemistry, crystallinity, and morphology are also
significant parameters that impact catalytic activity for Co3O4.

4.2.2 Cycling and Effect of NaBH4 Concentration on HGR
Initial results for multiple cycles using SCS-Co3O4 as the initial catalyst precursor
indicate that dilute aqueous solutions perform poorly over multiple cycles, but that
performance over multiple cycles can be improved by increasing concentration of NaBH4
in solution (Fig. 4.14). Specifically, 0.6 wt.% NaBH4 in aqueous solution demonstrated a
substantial decrease in HGR from 1.04 Lgcat-1min-1 to 0.6 Lgcat-1min-1 over 4 cycles, while
the observed HGR for 4 wt.% NaBH4 in aqueous solutions nearly doubled over the same
number of cycles, increasing from 0.39 Lgcat-1min-1 to 0.8 Lgcat-1min-1. Note also that at
the concentrations evaluated, performance on cycle 1 decreased for increasing NaBH4
concentration. These results highlight the importance of initial concentration of NaBH4
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on performance over multiple cycles and indicate that the initial solution concentration
NaBH4 is critical for formation of the active catalyst in-situ. Specifically, if the initial
concentration NaBH4 in solution is not conducive to the formation of active catalyst, the
catalytically active intermediate species may not be properly formed, resulting in poor
catalytic activity on subsequent cycles.
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Figure 4.14: Cycling behavior at 0.6, 2, and 4 wt.% NaBH4 in aqueous solution using SCSCo3O4 as initial catalyst precursor. Results generated by adding NaBH4 to initiate a new
cycle without draining the by-product/catalyst solution between cycles, performed at
20˚C.

Ex-situ analysis of the active catalyst was conducted post cycles 1 and 2 for
0.6 wt.% NaBH4 in aqueous solution and compared to initial SCS-Co3O4 in terms of
crystallinity, specific surace area, and surface morphology. A portion of the active
catalyst was recovered, rinsed three times in DI water, and dried before analysis via XRD,
BET, and SEM. Results post cycle 1 indicate that SCS-Co3O4 was reduced in-situ by
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NaBH4 to form an amorphous (Fig. 4.15) black solid with a surface area of 92 m2/g,
significantly higher than the original catalyst precursor, which had a surface area of 24
m2/g. Surface area was observed to continue to increase from 92 to 112 m2/g between
cycles 2 and 3 (Table 7).
No peaks were observed in XRD data (Fig. 4.15) for the active catalyst, similar to
findings for other cobalt based catalyst precursor systems, for example, CoCl2 [13],
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indicating that the resulting CoxB is amorphous.
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Figure 4.15: XRD data of as synthesized SCS –Co3O4 and active catalyst as reduced by
NaBH4.

Table 4.7: Specific surface areas of SCS-Co3O4 (cycle 1) and
active catalyst (cycles 2 and 3).
Cycle
Surface Area
Cycle 1
24 m²/g
Cycle 2
92 m²/g
Cycle 3
112 m²/g
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Examples in the literature indicate that increasing initial concentration NaBH4 in
solution should increase HGR for Co3O4 formed via other synthesis methods [36-37,3940]. In particular, 12 wt.% NaBH4 in aqueous solutions has been identified as the
threshold for concentrated hydrolysis experiments, after which increasing NaBH4
content decreases solubility and increases precipitation of metaborate by-products [10].
In light of this, experiments using SCS-Co3O4 in 12 wt.% in aqueous solution were
conducted over 2 cycles, exchanging solution between cycles to prevent build-up of byproducts in solution. Results shown in Table 4.8 indicate an increase in HGR between
cycles 1 and 2 after an initial activation cycle which converts SCS-Co3O4 to active catalyst.
Table 4.8: Hydrogen generation data for 12 wt.% NaBH4 in aqueous solution, by cycle,
20˚C hydrolysis.
Cycle 1
Cycle 2
-1
-1
HGR (L gcat min )
0.87
1.2
Induction time (min)
0.2
0.1
% Conversion
97%
98%

4.2.3 Catalyst Activation and Effect of NaOH
The literature describes many applications where solutions of NaBH4 are
stabilized with NaOH to prevent self-hydrolysis in practical application [5-10, 36-37, 38].
The present work has shown that the conditions under which initial conversion of SCSCo3O4 to active catalyst occurs has a significant impact on the performance of SCS-Co3O4
over multiple cycles. As such, it is very important to evaluate the impact on the
formation of the active catalyst when using NaOH stabilized NaBH4 solutions.
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Experiments were conducted at 12 wt.% NaBH4 in aqueous and 0.5 M NaOH
solutions to evaluate the effect of NaOH on the conversion of SCS-Co3O4 to active
catalyst. Hydrogen generation rates were compared between experiments with NaOH
used for both cycles 1 and 2 (Fig. 4.17a) and experiments with NaOH used only for cycle
2 after an initial activation cycle in aqueous solution (Fig. 4.17b). These results indicate
that active catalyst formed with 12 wt.% NaBH4 in aqueous solutions perform
significantly better in terms of HGR than active catalyst formed with 12 wt.% NaBH in a
0.5 M NaOH solution. Specifically, for catalyst activated in 12 wt.% NaBH4 in aqueous
solutions, the rate increased from 1.49 to 4.97 L gcat-1 min-1, while the hydrogen
generation rate was observed to decrease from 4.42 to 0.45 L gcat-1 min-1 for catalyst
activated in 12 wt.% NaBH4 in a 0.5 M NaOH solution (Table 4.9). Interestingly, once
activated in aqueous solution the catalyst performs 234% better in a second cycle
containing NaOH than in a second aqueous cycle, comparing results found in 4.2.2
where the improvement was only 38% for cycle 2 using 12 wt.% NaBH4 in aqueous
solutions.
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Figure 4.17: Kinetic data for cycles 1 and 2 using: (a) 12 wt.% NaBH4 in a 0.5 M NaOH
solution for both cycles 1 and 2; (b) 12 wt.% NaBH4 in a 0.5 M NaOH solution for cycle 1
after cycle 1 activation in 12 wt.% NaBH4 in aqueous solution. In all experiments byproduct solution was exchanged between cycles, and the active catalyst was rinsed with
DI water before subsequent use, hydrolysis at 30˚C.

Table 4.9: Hydrogen generation data comparison for cycles 1 and 2 with and without
NaOH for 12 wt.% NaBH4 solutions, by cycle, 30˚C hydrolysis.
12 wt.% NaBH4
12 wt.% NaBH4
Cycle 1
Cycle 1
Cycle 2
Cycle 2
(0.5M
(aqueous)
(0.5M NaOH)
(0.5M NaOH)
NaOH)
HGR (L gcat-1 min-1)
1.49
4.97
4.42
0.45
Induction time
0.4
0.02
0.1
0.08
(min)
% Conversion
98%
98%
95%
95%
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4.3

Immobilization

In order for a catalyst material to be effectively implemented in a hydrogen
generation system it must be immobilized onto an appropriate substrate. This section
addresses several approaches to immobilization separated into two general thrusts:
i) immobilization of catalyst precursor (SCS-Co3O4 ) and ii) immobilization of active
catalyst.

4.3.1 Immobilization of SCS-Co3O4 Catalyst Precursor
Immobilization of the SCS-Co3O4 catalyst precursor was evaluated using two
techniques –direct SCS and slurry/calcination— on five unique substrates as described in
section 3.5. Adhesion results by substrate are given in Table 4.10, and HGR results are
given in Fig. 4.18. After initial screening, cordierite honeycomb and titanium fibers were
identified as promising substrates using the slurry/calcination method at 350˚C because
of their high HGR and wt.% immobilized powder retention. However, during one
hydrogen generation cycle a significant amount of immobilized powder flaked off the
cordierite honeycomb substrate, and portions of the honeycomb substrate were
observed to come loose in solution. In contrast, no loose powder was observed during
hydrolysis with the titanium fiber substrate. However, black residue was found on the
walls of the flask during post cleaning, indicating a small degree of attrition upon
hydrolysis. Therefore, only the performance of titanium fiber substrates with SCS-Co3O4
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catalyst precursor immobilized via the slurry/calcinations at 350°C for 30 min. method
was further evaluated over multiple cycles.

Table 4.10: Weight percent immobilized catalyst, by substrate.
Substrate
Direct
Slurry/Calcination
SCS
at 350°C for 30
min
Perlite
11.3 wt.%
2.5 wt.%
Cordierite
3.6 wt.%
3.4 wt.%
Titanium Fiber
<1%
22.3 wt.%
Stainless Steel 0.3 wt.%
<<1%
Molecular
14.6%
-Sieve

0.70
Direct SCS

0.60

Slurry/Calcination

L/g-min

0.50
0.40
0.30
0.20
0.10
0.00
Corderite
Honeycomb

Ti Fiber

Perlite
Granule

SS Filter Disk

Molecular
Sieve

Figure 4.18: Hydrogen generation rate for direct SCS and slurry/calcinations at 350°C for
30 min by substrate type.
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Results from 4 cycles using titanium fiber substrates with immobilized SCS-Co3O4
catalyst precursor indicate a significant decrease in performance over 4 cycles, with the
most dramatic decrease of 0.62 to 0.25 L gcat-1 min-1 occurring between cycles 1 and 2
respectively, after which performance was noted to level off near 0.2 L gcat-1 min-1
(Fig. 4.19). Scanning electron microscopy images were taken of the substrates before
and after cycling (Fig. 4.20). The after-cycling images were taken after four consecutive
cycles. From these images it is apparent that the Co3O4 precursor experiences a
dramatic change in morphology as it is reduced by NaBH4 to form the active catalyst.
The honeycomb structure seen in Fig. 4.20 mirrors the honeycomb morphology seen for
loose active catalyst, and is observed to coat the substrate material.
Thus the major challenge with immobilizing the catalyst precursor is that the
material will dramatically change after reduction by NaBH4 to active catalyst. The
material will no longer be SCS-Co3O4 with a nanoscale foam-like morphology, but
instead will have become CoxB with a dramatically higher surface area due to its
honeycomb morphology. Furthermore, the surface area will continue to increase as the
morphology becomes more and more subdivided with each additional cycle.
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4.3.2 Immobilization of Active Catalyst
As has been shown, the catalyst precursor SCS-Co3O4 is reduced in-situ by NaBH4
to form the active catalyst, CoxB. Among the several noted changes that occur when
this reduction takes place (i.e., increase in surface area, change in morphology, etc.) the
active catalyst is also observed to become magnetic. Immobilization of the active
catalyst can therefore be achieved through magnetic immobilization, which obviates the
need to immobilize the catalyst precursor before use in a hydrogen generation system.
Instead, magnetic media can be introduced into the system—or can be in-place in the
system at the start of the reaction— and once activation has occurred the active catalyst
will be drawn to the magnetic media by virtue of its magnetic properties. It is worth
noting that magnetic media can be tailored to the system requirements, and this
method offers an elegant solution to complicated immobilization processes typically
used to immobilize catalyst material for hydrogen generation systems.
The time lapsed photographs shown in Fig. 4.21 illustrate the described
activation/immobilization process. Figure 4.21a shows the prepared catalyzed-NaBH4
mixture prior to the start of the reaction, with a magnetic plate clearly visible on top of
the mixture. At time t=0 water is injected (Fig. 4.21b) and the solution is observed to be
very black, with no bubbles visible until the SCS-Co3O4 catalyst precursor is reduced to
form active catalyst and hydrogen generation can begin. Between 2-20 minutes the
reaction is observed to take place and the solution appears frothy due to rapid bubble
generation in an increasingly viscous solution as water content is reduced (Fig. 4.21c).
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Figure 4.23: Kinetic data for cycles 1, 2 and 3 at 30˚C. Activation cycles 1 and 2 were
conducted in 12 wt.% NaBH4 in aqueous solution and cycle 3 was conducted in 12 wt.%
NaBH4 in a 0.5 M NaOH solution. Magnetic media used for immobilization.

4.4

Hydrogen Generation Systems

Two types of hydrogen generation systems, solution storage and solid storage,
were evaluated to assess effectiveness of SCS-Co3O4 as a catalyst precursor in terms of
hydrolysis performance for a variety of possible applications. For the solution storage
method, several configurations of a single-pass type reactor were evaluated that
implemented magnetic immobilization of the active catalyst. For the solid storage
method, pre-catalyzed mixtures of NaBH4 were evaluated in a single-use cartridge type
reactor. In both cases, SCS-Co3O4 was used as the catalyst precursor material.
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4.4.1 Solution Storage
The effectiveness of magnetic immobilization of active catalyst in a single-pass
reactor configuration was evaluated in terms of active catalyst adhesion during flow
conditions and HGR performance in three configurations, as described in section 3.6.2.
Feed solutions stabilized with NaOH (12 wt.% SBH in a 0.5 M NaOH) were successfully
tested under flow conditions with minimal attrition observed. The effects of heat,
magnetic assembly configuration, angle of reactor incline, multiple stages, and pressure
were investigated to assess impact on conversion efficiency. Results indicate that
magnetic immobilization is feasible for use under flow conditions of stabilized NaBH4NaOH solutions with minimal attrition. However, additional optimization of reactor
configuration is required to improve reaction conversion efficiency.
Configuration 1 Results: The glass reactor tube allowed for real time observation
of the catalyst and magnetic media during hydrolysis (Fig. 2.24). Rapid gas generation
within the tube produced foam during the reaction. Depending on the angle of the
reactor, recirculation was observed. Minimal attrition was observed by weight for
catalyst that had been activated under appropriate conditions.
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(a)

(b)

Figure 4.24: Active catalyst immobilized on magnetic media within glass portion of
hydrogen generation system (a) pre-hydrolysis and (b) during hydrolysis.

For experiments conducted using the conditions given in Table 4.11, an initial
start-up period of 5 minutes was observed when liquid was in contact with the active
catalyst before an appreciable HGR was noted (Fig. 4.25). The reactor temperature
began to gradually increase upon solution contact with the catalyst beads due to the
expected reaction exothermicity. HGR was not observed to appreciably increase until
the temperature reached a threshold value, near 40˚C, after which the HGR was erratic
in response due to the oscillating temperature within the reactor.
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Table 4.11: Experimental conditions and results for one-stage single-pass solution
storage hydrogen generation system, 20˚ incline, 25˚C.
Experimental Conditions
Experimental Results
Feed Solution 12 wt.% SBH in a 0.5 M Target HGR Feed Rate 1.15 L/min
NaOH solution
1
Feed Rate 1
3 ml/min
Average HGR Feed 0.80 L/min
Rate 1
Feed Rate 2
9 ml/min
Conversion Efficiency 69%
Initial Temp.
25˚C
Target HGR Feed Rate 3.5 L/min
2
Reactor Angle 20˚ incline
Average HGR Feed 0.96 L/min
Rate 2
Reactor
Ambient
Conversion Efficiency 28%
Pressure
Initial Catalyst 0.17 g
Final Catalyst
0.124 g
Initial Start-up
5 min
OFF-response
1 min
Second ON-response negligible
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Figure 4.25: Hydrogen flow (top) and temperature (below) vs. reaction time. The shaded
area indicates when pump is on. The feed rate during the 1st pumping episode is 3
ml/min, and in the 2nd episode 9 ml/min.

Mid-way through operation, the liquid was rapidly drained from the reactor to
test the ON/OFF capabilities of this type of configuration. Once the liquid was drained
from the reactor, non-zero HGR was observed for ~1 minute as the residual foam in the
reactor continued to react. For the second ON period, the flow rate was increased to 9
ml/min. Hydrogen gas was observed immediately upon liquid contact with the catalyst
beads, most likely due to the reactor being pre-heated from the initial operation.
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Heat Management and Reactor Incline: In an effort to reduce the initial start-up
period and control temperature fluctuations within the reactor, the solution and reactor
were pre-heated to 50˚C. Furthermore, in an effort to increase the residence time and
improve conversion efficiency the tube reactor was inclined to 60° to allow unconverted solution to re-circulate. Results are shown in Fig. 4.26 and Table 4.12 that
indicate pre-heating the reactor significantly reduced the initial reactor startup time
from 5 minutes for experiments performed at 25°C to <1 minute for pre-heated reactor
conditions, and a more consistent temperature and HGR profile resulted. However,
increasing the incline of the reactor was noted to generate plug like flow within the
reactor and resulted in an oscillatory HGR.
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Figure 4.26: Hydrogen flow (top) and temperature (below) vs. reaction time. The shaded
area indicates when pump is on. In both cases feed rate during the 1st pumping episode
is 3 ml/min, and in the 2nd episode 9 ml/min.
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Table 4.12: Experimental conditions and results from one-stage single-pass solution
storage hydrogen generation system, 60˚ incline, 50˚C.
Experimental Conditions
1 Stage-Ring Magnetic Assembly
Feed Solution
12 wt.% SBH in a 0.5 M Target HGR Feed Rate 1
1.15 L/min
NaOH solution
Feed Rate 1
3 ml/min
Average HGR Feed Rate 1
0.42 L/min
Feed Rate 2
9 ml/min
Conversion Efficiency
36%
Initial Temp.
50˚C
Target HGR Feed Rate 2
3.5 L/min
Reactor Angle
60˚ incline
Average HGR Feed Rate 2
1.17 L/min
Reactor
Ambient
Conversion Efficiency
34%
Pressure
Initial Catalyst 0.124 g
Initial Start-up
negligible
OFF-response
1 min
Second ON-response
negligible

Configuration 2 Results: In an effort to increase conversion efficiency by
increasing residence time within the reactor, a 2-stage stainless steel tube reactor with
50 psi back pressure as described in section 3.6.2 was evaluated. Results indicate that
these experimental conditions were effective in increasing the conversion efficiency
from a range of 28-69% in previous experiments to >60%. In addition, catalyst attrition
was reduced by collecting removed catalyst on a second set of magnetic media located
at the base of the second stage. This second set of magnetic media did not contain
catalyst at the start of the reaction, but was able to collect small amounts of catalyst
over the course of the reaction which had been dislodged from the first set of magnets,
thereby decreasing overall attrition for the reactor system.

However, significant

oscillations were observed in HGR in response to pressure oscillations within the reactor
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as by-product solution draining from the reactor produced two-phase flow conditions at
the reactor exit. Additional system development can address this issue with the use of
an appropriate back-pressure regulator, etc.
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Figure 4.27: Hydrogen flow (top) and temperature (below) vs. reaction time for 2-stage
stainless steel tube reactor at back pressure of 50 psig. Reactor preheated to 50˚C.

Configuration 3 Results: In an effort to reduce pressure oscillations due to twophase flow at the reactor exit, a manifold reactor with 4 parallel stainless steel tubes at
a regulated 50 psi back pressure (described in section 3.6.2) was evaluated. Results
indicate that these experimental conditions were effective in decreasing pressure
oscillations at the reactor and increasing conversion efficiencies to >75% (Fig. 4.28).
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However, catalyst attrition was observed to increase under evaluated operating
conditions, most likely due to shearing from high back pressure overcoming the
magnetic attrition of the catalyst to the immobilizing media. Magnetic beads which did
not originally contain catalyst did not collect catalyst over the course of the experiment,
as seen in configuration 2, suggesting that the catalyst was unable to re-attach to
magnetic media once it was removed. Additional system development can address this
issue with the use of appropriate strength magnetic media and configuration, back
pressure, solution feed rate, etc.
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Figure 4.28: Hydrogen flow (top) and temperature (below) vs. reaction time for manifold
reactor with 4 parallel stainless steel tubes at a regulated back pressure of 50 psig.
Reactor preheated to 50˚C.
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4.4.2 Solid Storage
As has been mentioned, increasing the content of NaBH4 in solution beyond
12 wt.% NaBH4 presents challenges in terms of solubility and precipitation of byproducts from the waste solution. The excess water required to form these solutions
significantly reduces the theoretical hydrogen storage capacity of NaBH4.

As an

alternative to the single-pass solution system described above, alternative solid storage
systems that use stoichiometric amounts of water as the limiting reagent were
evaluated with SCS-CO3O4 as the catalyst precursor. In these experiments, pre-catalyzed
mixtures of NaBH4 prepared using different mixing methods in single-use cartridges and
evaluated in terms HGR with regards to thermal management, water delivery method,
and form factor. Similar cartridges containing pre-catalyzed mixtures of NaBH4 could be
configured in a hydrogen generation system, where the cartridge based nature of the
system allows for reaction of discrete amounts of NaBH4, generating hydrogen on
demand by activating a desired number of cartridges at a time through water delivery.
Water Delivery and Thermal Management: Gradual water delivery, for
experiments conducted both in air and in an oil bath, was observed to improve
performance in terms of decreased induction time, increased conversion efficiency and
more stabilized HGR (Fig. 4.29). The best performance was observed with experiments
conducted in an oil bath with gradual water delivery. When compared to initial water
delivery for experiments conducted in air, induction time decreased from 0.58 to 0.08
minutes, conversion efficiency increased from 89% to 97%, and percent active gas
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generation time compared to total reaction time increased from 2.5% to 70%, meaning
that gas was being generated for the majority of the reaction time. Average HGR was
also observed to increase from 0.4 to 5 L min-1gcat-1. For experiments conducted in air,
large temperature swings within the reaction vial were noted as a result of reaction selfheating. Without thermal management of the experimental vial, these temperature
swings resulted in solidification of reaction by-products, which is undesirable from a
systems standpoint in terms of disposal.

Thermal management via oil bath was

effective at reducing the peak reaction temperature from 90° to 60°C; at these
temperatures solidification was not noted. In addition, thermal management decreased
induction time from 0.4 to 0.08 minutes and increased the percent active gas generation
time compared to total reaction time from 27% to 70%. This is advantageous from a
systems standpoint as gas is being released at a more constant rate for a longer period
of time.
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Figure 4.29: Comparison of hydrogen generation rates for initial and gradual delivery
methods in air and oil bath, 40 wt.% NaBH4, 30˚C.

Form Factor: From an application perspective, it is impractical to use loose
powder for hydrogen storage because of low material packing density. Packing density
can be significantly increased by using either cartridges or solid material or canisters
filled with small pressed pellets. Experiments conducted by Zang et al. [49] showed that
overall packing porosity can be decreased from 0.41 to 0.285 for cylindrical pellets with
d=h when vibration is used while loading canisters with appropriately sized pellets.
Results from the present work indicate a tradeoff between HGR performance
and overall packing density between the three form factors evaluated: solid canister,
pellets, and loose powder (Table 4.13, Fig. 4.30). Solid cartridges performed poorly,
with the lowest conversion efficiency of 66% and the longest induction time of 2.5
minutes. Poor conversion efficiency is related to poor water mobility through the solid
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canister, supporting findings from Prosini et al. [44] and Ferreira et al. [46] that water
delivery method and water mobility within the system was essential for maximizing HGR.
For solid systems where stoichiometric amounts of water are added as the limiting
reagent, any water unable to effectively penetrate the solid material results in
decreased conversion efficiency by preventing the reaction to occur.

Table 4.13: Experimental results for varying form factors of solid NaBH4 /SCS-Co3O4
mixtures for gradual water delivery, in an oil bath at 30°C.
Solid Canister Pellet Loose Powder
Average active HGR (Lgcat-1min-1)
% Conversion
% active gas generation time
% H2 released during active HGR

0.85
66%
56%
80%

2.85
98%
60%
96%

4.99
97%
70%
94.6%
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Figure 4.30: Comparison of kinetic data for varying form factors of 40 wt.% NaBH4
catalyzed mixtures.
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Mixing Method: Results found by Liu et al. [42] indicate that intimate mixing of
NaBH4 and Ru improved performance. However, our results indicate that intimate
mixing of NaBH4 and the catalyst precursor SCS-Co3O4 via cryogenic milling lowered
percent conversion when compared to the same system tested with powders mixed via
mortar pestle. Figure 4.31 shows two form factors, loose powder and pellets, which are
prepared by mixing with mortar pestle or via cryogenic milling. In both form factors
initial hydrogen generation rate are comparable between mixing methods; however,
midway through the reaction, hydrogen generation effectively ceases for cryogenically
mixed powder. Overall percent conversion is reduced from 97% to 73% for loose
powder, and from 98% to 70% for pellets for mortar/pestle and cryogenic milling
respectively. This is because unlike the Ru catalyst by Liu et al. [42], Co3O4 is a catalyst
precursor and must be reduced in-situ by NaBH4 to form the active catalyst CoxB.
Reduction to active catalyst must take place before catalyzed hydrogen generation can
occur. Hydrogen generation rates of un-catalyzed NaBH4 solutions have been observed
to decrease as the reaction proceeds due to build-up of reaction by-products that
poison the reaction, ultimately causing low hydrogen yields [9,36-37]. The decrease in
conversion efficiency observed in the present work with intimate mixing is similar to uncatalyzed systems, and likely occurs because Co3O4 is so well mixed that it is not fully
converted to active catalyst before the reaction by-products build up and poisoning of
the reaction occurs. Thus, the degree of mixing should be selected that does not
prevent conversion to active catalyst prior to poisoning of reaction by-products.
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Figure 4.31: Comparison of kinetic data for two form factors of 40 wt.% NaBH4 catalyzed
mixtures combined via mortar/pestle or cryogenic milling.

4.5

Summary

This chapter began with the selection of stoichiometric conditions of a fuel to
oxidizer ratio (F/O) of 0.56 based on initial solution combustion synthesis (SCS)
screening experiments over a span of F/O. With solutions prepared at this F/O, a
modification of the experimental reactor was shown to achieve a uniform surface
temperature and prevent partial solution decomposition prior to combustion, resulting
in reproducibly high purity, high surface area cobalt oxide (SCS-Co3O4) with a nanoscale
foam-like morphology. Specifically, the resulting SCS materials demonstrated an assynthesized specific surface area of 24 ± 1.1 m2/g, a crystallite size of 15.5 nm, and fine
surface structures on the order of 4 nm.
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Following synthesis and characterization, the SCS-Co3O4 catalyst precursor was
compared in terms of hydrogen generation rates (HGR) to commercially available Co3O4.
Despite having similar initial surface areas and sample purities, the nano-foam SCSCo3O4 was shown to outperform commercially available Co3O4 and elemental cobalt (Co)
nanopowders when used as a catalyst precursor in terms of HGR for dilute solutions of
NaBH4. Furthermore, when SCS and commercial Co3O4 powders were heat treated post
synthesis to increase crystallinity, a significant increase in catalytic performance was
observed only for SCS-Co3O4.

The increase in performance was related to the

morphology and crystallinity of the SCS-Co3O4 produced using the SCS synthesis method.
These results are not fully explained by the widely accepted practice of focusing on
increasing surface area alone to produce a better catalyst.
The in-situ formed active catalyst was observed to be amorphous with a
honeycomb morphology that increased in surface area over multiple cycles, from
92 m2/g after the first cycle to 112 m2/g after the second cycle.

In addition,

performance was shown to increase with increasing initial concentration of NaBH4 in
solution over multiple cycles.

These results indicate that the initial solution

concentration of NaBH4 is critical for formation of the active catalyst in-situ. Specifically,
if the initial concentration of NaBH4 in solution is not conducive to the formation of
active catalyst, the catalytically active intermediate species may not be properly formed,
resulting in poor catalytic activity on subsequent cycles.
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Furthermore, active catalyst formed with 12 wt.% NaBH4 in aqueous solutions was
shown to perform significantly better in terms of HGR than active catalyst formed with
12 wt.% NaBH in a 0.5 M NaOH solution. Specifically, active catalyst formed with 12 wt.%
NaBH4 in a 0.5 M NaOH solution was shown to decrease in HGR performance by 89% for
the second cycle. However, catalyst activated with 12 wt.% NaBH4 in aqueous solution
was shown to have a 234% increase in HGR performance for a subsequent cycle using
12 wt.% NaBH4 in a 0.5 M NaOH solution compared to a 38% increase using 12 wt.%
NaBH4 in aqueous solutions. Thus, this work has shown that SCS-Co3O4, once properly
activated, can be used with stabilized 12 wt.% NaBH4 solutions.
The SCS-Co3O4 catalyst precursor or in-situ formed active catalyst was immobilized
using a variety of substrates and methods to identify an optimal immobilization
technique in terms of attrition and catalytic activity. Immobilization techniques were
divided into two main thrusts: immobilization of SCS-Co3O4 catalyst precursor and
immobilization of active catalyst. The major challenge identified with immobilizing the
catalyst precursor was that the chemistry, morphology, and surface area of the original
material dramatically change upon reduction to active catalyst. Furthermore, the
surface area was shown to continue to increase between cycles as the morphology
became more and more subdivided. Thus, the dynamic nature of the active catalyst
made immobilization of catalyst precursor ill-suited for this system.

Magnetic

immobilization of the in-situ formed active catalyst was shown to be an effective means
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to isolate the active catalyst because it focused on bulk material properties and not
transient surface chemical properties for adhesion to a substrate.
Finally, several configurations of a single-pass tube reactor were developed that
used the magnetic immobilization of active catalyst.

While development of the

hydrogen generation system is far from optimal, this work has shown the feasibility of
this magnetic immobilization method under flow conditions using 12 wt.% NaBH4 in
NaOH solutions. As an alternative to a solution-based storage system, a single-use,
cartridge type hydrogen generation system was also evaluated using solid, pre-catalyzed
40 wt.% NaBH4 mixtures where stoichiometric amounts of water were added as the
limiting reagent for reaction. Under these conditions, HGR and gravimetric density were
observed to be 4.99 L min-1gcat-1 and 10.4 wt.% (materials only) respectively for this
system, which represents a significant increase over the dilute NaBH4 solutions typically
used for hydrolysis. Water delivery method, thermal management, packing density and
mixing method of NaBH4/SCS-Co3O4 were identified as important parameters to
consider in system design to achieve high HGRs and % conversion. Specifically, gradual
water delivery produced a more stable HGR over a longer period of time than initial
water delivery by controlling the limiting reagent delivery. Thermal management by use
of an oil bath further stabilizes temperature and HGR while reducing induction time and
preventing solidification of reaction by-products. Packing density of loose powder
system can be increased while maintaining the advantages of steady HGR and
gelatinous final product observed with loose powder by filling canisters with properly
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sized pellets. As catalyst is converted in-situ to active catalyst, degree of mixing should
be selected that does not prevent conversion to active catalyst prior to poisoning of
reaction by-products.
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CHAPTER 5.

CONCLUSIONS AND RECOMMENDATIONS

The results of the present study go against the conventional wisdom that the activity
of heterogeneous catalysts is primarily surface area driven. Specifically, this work has
shown that surface chemistry, crystallinity, morphology, and initial concentration of
NaBH4 in solution are also significant parameters that impact the conversion of Co3O4 to
active catalyst and the performance of the catalyst over multiple cycles. Solution
combustion synthesis (SCS) has been shown to reproducibly generate high purity, high
surface area cobalt oxide (Co3O4). The resulting powder has a highly porous nanoscale
foam-like morphology with fine surface features on the order of 4 nm. This work
suggests that the crystallinity and nanoscale foam-like morphology of SCS-Co3O4 are
important parameters that impact the higher catalytic activities observed for SCS-Co3O4
when compared to spherical commercial nano-particles of Co3O4 of similar purity levels
and surface areas. Furthermore, when SCS and commercial Co3O4 powders are heat
treated post synthesis to increase crystallinity, a significant increase in catalytic
performance was observed only for SCS-Co3O4, results not fully explained by the widely
accepted practice of increasing surface area to produce a better catalyst.
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In-situ formed active catalyst was observed to be amorphous with a honeycomb
morphology that increased in surface area with repeated use, from 92 m2/g after the
first cycle to 112 m2/g after the second cycle.

Furthermore, increasing initial

concentration of NaBH4 in aqueous solution from 0.6 to 12 wt.% NaBH4 was observed to
increase performance of the in-situ formed active catalyst over multiple cycles. The
active catalyst was observed to be magnetic, and as such, a magnetic immobilization
method was developed for use in a single-pass, solution-based tube reactor. While
development of the hydrogen generation system is far from optimal, this work has
shown the feasibility of this magnetic immobilization method under flow conditions
using 12 wt.% NaBH4 in NaOH solutions. As an alternative to a solution-based storage
system, a single-use, cartridge type hydrogen generation system was evaluated using
solid, pre-catalyzed 40 wt.% NaBH4 mixtures where stoichiometric amounts of water
were added as the limiting reagent for reaction. Under these conditions, HGR and
gravimetric density were observed to be 4.99 L min-1gcat-1 and 10.4 wt.% (materials only)
respectively for this system, which represents a significant increase over the dilute
NaBH4 solutions typically used for hydrolysis.

Water delivery method, thermal

management, packing density and mixing method of NaBH4/SCS-Co3O4 were identified
as important parameters to consider in system design to achieve high HGRs and %
conversion. Specifically, gradual water delivery produced a more stable HGR over a
longer period of time than initial water delivery by controlling the limiting reagent
delivery. Thermal management by use of an oil bath further stabilizes temperature and
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HGR while reducing induction time and preventing solidification of reaction by-products.
Packing density of loose powder system can be increased while maintaining the
advantages of steady HGR and gelatinous final product observed with loose powder by
filling canisters with properly sized pellets. As catalyst is converted in-situ to active
catalyst, degree of mixing should be selected that does not prevent conversion to active
catalyst prior to poisoning of reaction by-products.
Further developed by continued research is recommended for both the solution and
solid based hydrogen generation systems.

System optimization of the single-pass

solution-based system should involve a more detailed evaluation on: the effects of back
pressure on conversion efficiency; optimization of residence time through the reactor;
the effect of reactor angle on by-product draining; and the evaluation of reactor preheating temperature and its effect on thermolysis/hydrolysis. Additionally, preliminary
evaluation of a batch type hydrogen generation system should be pursued using the
magnetically immobilized active catalyst. For solid state hydrogen generation systems,
additional research and development is required on the cartridge design and material
selection to allow for optimal metering and hydrogen ventilation during operation.
Loading/unloading of developed cartridges should also be demonstrated in hydrogen
generation system to establish an application mature technology that could feasibly be
integrated with a hydrogen fuel cell.
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APPENDIX. REACTOR CONFIGURATIONS

A.1 Configuration 1
Table A.1: Test procedures for one-stage, single-pass solution-based hydrogen
generation system, configuration 1.

Section 1: PRE-TEST SETUP
Ready catalyst and test stand
1.000
T/J
Wear safety glasses, facemasks, and nitrile gloves before going into the Test cell
1.001
T
VERIFY that the chiller is filled with water to the marked level (if not, add water)
1.002
T
Turn ON Chiller
1.003
T
Set up 600 ml beaker with magnetic media for catalyst activation in bin with cold water
1.004
T
Weigh out SBH for catalyst activation, (2 cycles worth) into two separate vials
1.005
T
Weigh out catalyst for catalyst activation
1.006
T
Combine catalyst and SBH in 600 ml beaker
1.007
T
ADD water to begin reaction
1.008
T
When solution is clear, DRAIN byproduct solution into waste beaker and rinse magnetic media
1.009
T
ADD pre-weighed amount of SBH and water for cycle 2 of activation
1.010
T
When solution is clear, DRAIN byproduct solution into waste beaker and rinse magnetic media
1.011
T
CRUSH suficient SBH for feed solution
1.012
T
Turn LabView program ON
1.013
T/J
Verify thermocouples are operational TC1 (heat tape), TC2 (inlet) and TC3 (outlet)
1.014
T/J
Verify pressure transducer (PT1) is operational
1.015
T/J
Verify flow meters M1 and pump P2 are operational
1.016
T
Turn ON heat tape and verify set point of 50C
1.017

T

PREPARE feed solution by slowly disolving SBH in 0.5 M NaOH solution to 12wt% NaBH4 in fumehood

VERIFY all safety equipment is in place and operating
1.018
T/J
VERIFY safety shower in control room is un-obstructed
1.019
T/J
VERIFY hydrogen sensors in test cell are functional, check on display and VI
1.020
T/J
TURN ON warning lights (test cell and hallway)
1.021
T/J
VERIFY outer door of test cell is UNLOCKED
1.022
T/J
VERIFY test cell EXHAUST FANS are ON
VERIFY all valves, connections, and equipment is powered on and in proper position
1.023
J
VERIFY feed solution tank exhaust valve is CLOSED
1.024
J
VERIFY three-way valve V3 is set to FLOW position
1.025
T/J
VERIFY waste flask F1 is EMPTY, SEALED, CONNECTED, and CHILLED
1.026
J
VERIFY H2 flow meter M1 is ON and calibrated
1.027
J
VERIFY tube reactor and fittings are FREE and CLEAN
1.028
J
VERIFY that the DAQ, thermocouple, and pressure transducer are operating correctly
1.029
J
VERIFY that the relief valve capture line routed OUTSIDE

1 2 3
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Table A.1: Continued

Section 2: TEST PROCEDURE
Warnings:
• No personnel allowed in front of test article while in operation
• Two people at all times - Dr. Pourpoint or Groven or Voskuilen present if operation at >100 psi anticipated/possible
• Constantly monitor pressures and temperatures in the system, particularly TC1 and TC2 and PT1
• In the event of hydrogen leak around the test article, turn off N2 to the pump tank T1 and turn valve V3 to drain
• In the event of a failure of the test article, and if reasonably safe to operate, turn off N2 to the pump tank T1 and turn valve V3 to drain.
Once drained, flush the system with DI water.
2.000
2.001
2.002
2.003
2.004
2.005
2.006
2.007
2.008
2.009
2.010
2.011
2.012
2.013
2.014
2.015
2.016

T/J
T/J
T/J
T/J
J
T
J
J
J
J
J
J
J
J
J
J
J

LOAD active catalyst beads into reactor
SECURE catalyst beads using magnets
CONNECT reactor tubes tomanifold exit and tighten all fitings
VERIFY that all fittings are tight
START the VI, enter file information and press OK to save
POUR feed solution into solution tank T1 and secure lid
VERIFY reactor temperature has reached desired level per reading of TC1
SET three-way valve V2 to PURGE position
OPEN needle valve from high pressure H2 cylinder to start purge
PURGE until H2 flowmeter M1 reads constant
CLOSE needle valve from high pressure H2 cylinder to stop purge
SET three-way valve V2 to FLOW position
START flow of solution using P1 to set flow rate
Following priming the line, ADJUST the flow rate of solution to test parameter using P1
MONITOR temperatures in the system, particularly TC2 and TC3
FLOW untill all solution has been used
SET flow to no flow with P1

3.000
3.001
3.002
3.003
3.004
3.005
3.006
3.007
3.008
3.009
3.010
3.011
3.012
3.013
3.014
3.015
3.016

J
J
J
J
J
T
T
T
T
T
T
J
T
T
T
T
T

Turn OFF pump P1
SET three-way valve V3 to DRAIN to drain reactor
FLUSH system with N2 gas
FLUSH system with DI water
FLUSH system with N2 gas
STOP Acquiring DATA
STOP the VI
TURN OFFpower to flow meter M2
SAVE data from DAQ and video camera
Turn OFF chiller
TURN OFF warning lights
REMOVE and CLEAN reactor and fittings
NOTE amount of waste solution collected
REACT representative sample (max 5 ml) in flask/burette to assess % conversion at 50˚C oil bath.
DRY magnets
WEIGH magnets
CLEAN magnets

3.017

T

WEIGH magnets

Section 3: POST-TEST PROCEDURE

Figure A.1: P&ID of one-stage, single-pass solution-based hydrogen generation system,
configuration 1.
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A.2 Configuration 2
Table A.2: Test procedures for two-stage, single-pass solution-based hydrogen
generation system, configuration 2.

Section 1: PRE-TEST SETUP
Ready catalyst and test stand
1.000
T/J
Wear safety glasses, facemasks, and nitrile gloves before going into the Test cell
1.001
T
VERIFY that the chiller is filled with water to the marked level (if not, add water)
1.002
T
Turn ON Chiller
1.003
T
Set up 600 ml beaker with magnetic media for catalyst activation in bin with cold water
1.004
T
Weigh out SBH for catalyst activation, (2 cycles worth) into two separate vials
1.005
T
Weigh out catalyst for catalyst activation
1.006
T
Combine catalyst and SBH in 600 ml beaker
1.007
T
ADD water to begin reaction
1.008
T
When solution is clear, DRAIN byproduct solution into waste beaker and rinse magnetic media
1.009
T
ADD pre-weighed amount of SBH and water for cycle 2 of activation
1.010
T
When solution is clear, DRAIN byproduct solution into waste beaker and rinse magnetic media
1.011
T
CRUSH suficient SBH for feed solution
1.012
T
Turn LabView program ON
1.013
T/J
Verify thermocouples are operational TC1 (heat tape), TC2 (inlet) and TC3 (outlet)
1.014
T/J
Verify pressure gauge (PG1) is operational
1.015
T/J
Verify flow meters M1 and M2 are operational
1.016
T/J
Verify flow meters M1 is OFF
1.017
T
Turn ON heat tape and verify set point of 50C
1.018

T

PREPARE feed solution by slowly disolving SBH in 0.5 M NaOH solution to 12wt% NaBH4 in fumehood

VERIFY all safety equipment is in place and operating
1.019
T/J
VERIFY safety shower in control room is un-obstructed
1.020
T/J
VERIFY hydrogen sensors in test cell are functional, check on display and VI
1.021
T/J
TURN ON warning lights (test cell and hallway)
1.022
T/J
VERIFY outer door of test cell is UNLOCKED
1.023
T/J
VERIFY test cell EXHAUST FANS are ON
VERIFY all valves, connections, and equipment is powered on and in proper position
1.024
J
VERIFY feed solution tank exhaust valve is CLOSED
1.025
J
VERIFY three-way valve V3 is set to FLOW position
1.026
T/J
VERIFY waste flask F1 is EMPTY, SEALED, CONNECTED, and CHILLED
1.027
J
VERIFY H2 flow meter M2 is ON and calibrated
1.028
J
VERIFY tube reactor and fittings are FREE and CLEAN
1.029
J
VERIFY that the DAQ, thermocouple, and pressure transducer are operating correctly
1.030
J
VERIFY that the relief valve capture line routed OUTSIDE

1 2 3
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Table A.2: Continued
Section 2: TEST PROCEDURE
Warnings:
• No personnel allowed in front of test article while in operation
• Two people at all times - Dr. Pourpoint or Groven or Voskuilen present if operation at >100 psi anticipated/possible
• Constantly monitor pressures and temperatures in the system, particularly TC1 and TC2 and PT1
• In the event of hydrogen leak around the test article, turn off N2 to the pump tank T1 and turn valve V3 to drain
• In the event of a failure of the test article, and if reasonably safe to operate, turn off N2 to the pump tank T1 and turn valve V3 to drain.
Once drained, flush the system with DI water.
2.000
2.001
2.002
2.003
2.004
2.005
2.006
2.007
2.008
2.009
2.010
2.011
2.012
2.013
2.014
2.015
2.016
2.017
2.018
2.019

T/J
T/J
T/J
T/J
J
T
J
J
J
J
J
J
J
J
J
J
J
J
J
J

LOAD active catalyst beads into reactor
SECURE catalyst beads using magnets
CONNECT reactor tubes tomanifold exit and tighten all fitings
VERIFY that all fittings are tight
START the VI, enter file information and press OK to save
POUR feed solution into solution tank T1 and secure lid
VERIFY reactor temperature has reached desired level per reading of TC1
SET feed solution tank regulator (R1) to 75 psig
SET three-way valve V2 to PURGE position
OPEN needle valve from high pressure H2 cylinder to start purge
PURGE until H2 flowmeter M2 reads constant
SET back pressure to desired pressure (50 psi) using needle valve 1 (NV1)
CLOSE needle valve from high pressure H2 cylinder to stop purge
SET three-way valve V2 to FLOW position
START flow of solution using M1 to set flow rate
Following priming the line, ADJUST the flow rate of solution to test parameter using M1
MONITOR pressures and temperatures in the system, particularly TC2 and TC3 and PG1
ADJUST back pressure as required
FLOW untill all solution has been used
SET flow meter M1 to no flow

3.000
3.001
3.002
3.003
3.004
3.005
3.006
3.007
3.008
3.009
3.010
3.011
3.012
3.013
3.014
3.015
3.016
3.017
3.018
3.019

J
J
J
J
J
J
J
J
T
T
T
T
T
T
J
T
T
T
T
T

DISCONNECT N2 supply
SET V1 to vent to vent solution tank T1
UNLOAD regulator R1 to solution tank T1
OPEN flow meter M1 to release system pressure
SET three-way valve V3 to DRAIN to drain reactor
FLUSH system with N2 gas
FLUSH system with DI water
FLUSH system with N2 gas
STOP Acquiring DATA
STOP the VI
TURN OFFpower to flow meter M2
SAVE data from DAQ and video camera
Turn OFF chiller
TURN OFF warning lights
REMOVE and CLEAN reactor and fittings
NOTE amount of waste solution collected
REACT representative sample (max 5 ml) in flask/burette to assess % conversion at 50˚C oil bath.
DRY magnets
WEIGH magnets
CLEAN magnets

3.020

T

WEIGH magnets

Section 3: POST-TEST PROCEDURE

Figure A.2: P&ID of two-stage, single-pass solution-based hydrogen generation system,
configuration 2.
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A.3 Configuration 3
Table A.3: Test Procedures for reactor manifold with 4 parallel tubes, single-pass
solution-based hydrogen generation system, configuration 3.
Section 1: PRE-TEST SETUP
Ready catalyst and test stand
1.000
T/J
Wear safety glasses, facemasks, and nitrile gloves before going into the Test cell
1.001
T
VERIFY that the chiller is filled with water to the marked level (if not, add water)
1.002
T
Turn ON Chiller
1.003
T
Set up 600 ml beaker with magnetic media for catalyst activation in bin with cold water
1.004
T
Weigh out SBH for catalyst activation, (2 cycles worth) into two separate vials
1.005
T
Weigh out catalyst for catalyst activation
1.006
T
Combine catalyst and SBH in 600 ml beaker
1.007
T
ADD water to begin reaction
1.008
T
When solution is clear, DRAIN byproduct solution into waste beaker and rinse magnetic media
1.009
T
ADD pre-weighed amount of SBH and water for cycle 2 of activation
1.010
T
When solution is clear, DRAIN byproduct solution into waste beaker and rinse magnetic media
1.011
T
CRUSH suficient SBH for feed solution
1.012
T
Turn LabView program ON
1.013
T/J
Verify thermocouples are operational TC1 (heat tape), TC2 (inlet) and TC3 (outlet)
1.014
T/J
Verify pressure transducer (PT1) is operational
1.015
T/J
Verify flow meters M1 and M2 are operational
1.016
T/J
Verify flow meters M1 is OFF
1.017
T
Turn ON heat tape and verify set point of 50C
1.018

T

PREPARE feed solution by slowly disolving SBH in 0.5 M NaOH solution to 12wt% NaBH4 in fumehood

VERIFY all safety equipment is in place and operating
1.019
T/J
VERIFY safety shower in control room is un-obstructed
1.020
T/J
VERIFY hydrogen sensors in test cell are functional, check on display and VI
1.021
T/J
TURN ON warning lights (test cell and hallway)
1.022
T/J
VERIFY outer door of test cell is UNLOCKED
1.023
T/J
VERIFY test cell EXHAUST FANS are ON
VERIFY all valves, connections, and equipment is powered on and in proper position
1.024
J
VERIFY feed solution tank exhaust valve is CLOSED
1.025
J
VERIFY three-way valve V3 is set to FLOW position
1.026
T/J
VERIFY waste flask F1 is EMPTY, SEALED, CONNECTED, and CHILLED
1.027
J
VERIFY H2 flow meter M2 is ON and calibrated
1.028
J
VERIFY tube reactor and fittings are FREE and CLEAN
1.029
J
VERIFY that the DAQ, thermocouple, and pressure transducer are operating correctly
1.030
J
VERIFY that the relief valve capture line routed OUTSIDE

1 2 3
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Table A.3: Continued
Section 2: TEST PROCEDURE
Warnings:
• No personnel allowed in front of test article while in operation
• Two people at all times - Dr. Pourpoint or Groven or Voskuilen present if operation at >100 psi anticipated/possible
• Constantly monitor pressures and temperatures in the system, particularly TC1 and TC2 and PT1
• In the event of hydrogen leak around the test article, turn off N2 to the pump tank T1 and turn valve V3 to drain
• In the event of a failure of the test article, and if reasonably safe to operate, turn off N2 to the pump tank T1 and turn valve V3 to drain.
Once drained, flush the system with DI water.
2.000
2.001
2.002
2.003
2.004
2.005
2.006
2.007
2.008
2.009
2.010
2.011
2.012
2.013
2.014
2.015
2.016
2.017
2.018
2.019

T/J
T/J
T/J
T/J
J
T
J
J
J
J
J
J
J
J
J
J
J
J
J
J

LOAD active catalyst beads into reactor
SECURE catalyst beads using magnets
CONNECT reactor tubes tomanifold exit and tighten all fitings
VERIFY that all fittings are tight
START the VI, enter file information and press OK to save
POUR feed solution into solution tank T1 and secure lid
VERIFY reactor temperature has reached desired level per reading of TC1
SET feed solution tank regulator (R1) to 75 psig
SET three-way valve V2 to PURGE position
OPEN needle valve from high pressure H2 cylinder to start purge
PURGE until H2 flowmeter M2 reads constant
SET back pressure regulator to desired pressure (50 psi)
CLOSE needle valve from high pressure H2 cylinder to stop purge
SET three-way valve V2 to FLOW position
START flow of solution using M1 to set flow rate
Following priming the line, ADJUST the flow rate of solution to test parameter using M1
MONITOR pressures and temperatures in the system, particularly TC2 and TC3 and PT1
ADJUST back pressure regulator R2 as required
FLOW untill all solution has been used
SET flow meter M1 to no flow

3.000
3.001
3.002
3.003
3.004
3.005
3.006
3.007
3.008
3.009
3.010
3.011
3.012
3.013
3.014
3.015
3.016
3.017
3.018
3.019

J
J
J
J
J
J
J
J
T
T
T
T
T
T
J
T
T
T
T
T

DISCONNECT N2 supply
SET V1 to vent to vent solution tank T1
UNLOAD regulator R1 to solution tank T1
OPEN flow meter M1 to release system pressure
SET three-way valve V3 to DRAIN to drain reactor
FLUSH system with N2 gas
FLUSH system with DI water
FLUSH system with N2 gas
STOP Acquiring DATA
STOP the VI
TURN OFFpower to flow meter M2
SAVE data from DAQ and video camera
Turn OFF chiller
TURN OFF warning lights
REMOVE and CLEAN reactor and fittings
NOTE amount of waste solution collected
REACT representative sample (max 5 ml) in flask/burette to assess % conversion at 50˚C oil bath.
DRY magnets
WEIGH magnets
CLEAN magnets

3.020

T

WEIGH magnets

Section 3: POST-TEST PROCEDURE

Figure A.3: P&ID for reactor manifold with 4 parallel tubes, single-pass solution-based hydrogen
generation system, configuration 3.
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Figure A.4: Experimental set-up of reactor manifold with 4 parallel tubes, single-pass
solution-based hydrogen generation system, configuration 3.

